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Chapter 1
General introduction
Eric J.R. Jansen 
Gerard J.M. Martens
Part of this chapter will be published as an invited review
Eric J.R. Jansen and Gerard J.M. Martens (2011): Novel insights 
into V-ATPase functioning: distinct roles for its accessory subunits 
ATP6AP1/Ac45 and ATP6AP2/(pro)renin receptor. 
in a special issue for Current Protein and P eptide Science: 
Vacuolar H+-ATPase: Targeting a “Housekeeping” Enzyme for Drug
Development, in press
Chapter 1
Development and functioning of multicellular organisms depend on the unique 
property of individual cells to communicate with each other. Cell-cell communications 
are key processes by which specialized cells can sense and regulate each other, thereby 
tuning and integrating a variety of physiological processes and enabling an organism 
to live and adapt to its environment. Communication between cells involves small 
chemical messenger molecules secreted by the signal-sending cell and sensed by the 
signal-receiving cell, and can involve short- and long-distance signaling. In short- 
distance cell-cell communication, also referred to as local signaling, the messenger 
molecule (e.g. a growth factor) stimulates cells in close vicinity to the messenger- 
secreting cell. In the brain, local signaling between neurons is accomplished by a 
network of cell-cell contacts by which small messenger molecules (neurotransmitters 
or neuropeptides) are secreted by an axon, which is in close contact with a dendrite. 
The axon and dendrite form a synaptic cleft where the messages are transferred. 
Long-distance communication depends mostly on (peptide) hormones that are 
secreted into the blood stream by specialized, endocrine cells. Cells in the peripheral 
organs receive these signals via specific receptors at their membranes. In this way 
long-distance signals specifically affect only their target cells. Thus, correct secretion 
of messenger molecules, such as neurotransmitters, neuropeptides and peptide 
hormones, is essential for cell-cell communication.
The messengers, produced by neuronal and (neuro)endocrine cells, are secreted 
in a regulated fashion, i.e., only after the secretory cell has received an external 
stimulus. This regulated secretion event involves the regulated secretory pathway 
in which prohormones are processed to bioactive peptides. In neuronal cells, also 
neurotransmitter release is a regulated secretory process. Neurotransmitters, 
synthesized in the cytoplasm, are loaded into neurotransmitter vesicles and 
subsequently released in a regulated fashion.
Essential for regulated secretory processes, such as correct prohormone processing 
and regulated peptide secretion, is a tight control of the pH within sub compartments 
of the regulated secretory pathway. Also, the proton gradient generated across a 
neurotransmitter granular membrane drives the uptake of neurotransmitters by 
neurotransmitter transporters. Both of these events largely depend on the activity 
of the vacuolar proton ATPase (V-ATPase), a large multi-subunit complex that at the 
expense of ATP pumps protons across the membrane (Nishi and Forgac, 2002). These 
proton pumps couple hydrolysis of ATP to H+ translocation across any biological 
membrane. In most cell organelles, Cl is the counter ion for the translocated H+, 
resulting in the acidification of the organellar lumen (Grabe and Oster, 2001; Jentsch 
et al., 2002; Nelson and Harvey 1999; Van Dyke and Belcher, 1994).
Besides in regulated secretory processes, the V-ATPase represents a conserved and 
general proton pump that functions also in a variety of other intra- and extracellular 
processes. In the endosomal system, the V-ATPase provides the correct pH for 
receptor-mediated endocytosis and subsequent release of the receptor-bound ligand 
(Hinton et al., 2009). Other important cellular processes affected by the V-ATPase are 
bone resorption by osteoclasts (Xu et al., 2007; Yao et al., 2007), lysosomal protein 
degradation, acid-base homeostasis in the late distal tubule and collecting duct of the 
kidney maintenance of the low pH within the epididymus for sperm storage (Breton 
and Brown, 2007; Hinton et al., 2009) and in early embryonic left-right patterning 
(Adams et al., 2006).
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From the above it is clear that temporal and spatial regulation and targeting of the 
V-ATPase is essential for the physiology of any multicellular organism at multiple 
levels. In this introductory chapter, I mainly focus on the V-ATPase and its regulation 
in neuronal and neuroendocrine cells. In these cells, the V-ATPase is a key player in 
the process of correct regulated secretion of messenger molecules which is essential 
for cell-cell communication.
History of the V-ATPase
Intracellular membranes composed of lipid bilayers serve to compartmentalize 
the cell in subcellular structures such as the nucleus, mitochondria, and secretory-, 
endosomal- and lysosomal pathway compartments. Intracompartmental processes 
often depend on energization of the membrane by the creation of a gradient of small 
mobile ions (e.g. Na+, K+, Cl , Ca2+ or H1] over the membrane, thereby provoking a 
so-called membrane potential. The importance of membrane energization was first 
recognized in the process of catecholamine uptake into chromaffin granules from 
bovine adrenal medulla. Back in 1962, Kirshner showed that ATP outside the granules 
was needed for this uptake process and concluded that this system more depended 
on energy rather than on diffusion and intraorganellar binding of the catecholamines 
(Kirshner, 1962a; Kirshner, 1962b). Whereas the coupling between proton 
translocation and ATP hydrolysis was discovered in the 1970s (Njus and Radda, 1978; 
Schuldiner et al., 1978), the actual biochemical isolation of the V-ATPase complex 
was accomplished in the early 1980s (Cidon and Nelson, 1983; Forgac et al., 1983; 
Stone et al., 1983). Next, individual V-ATPase subunits isolated from various sources 
including bovine adrenal medulla chromaffin granules (Moriyama and Nelson, 1989a; 
Moriyama and Nelson, 1989b; Moriyama and Nelson, 1989c; Nelson, 1989) and from 
the larval midgut goblet cells of Manduca Sexta (Wieczorek, 1992; Wieczorek et al., 
1990) were identified. A major breakthrough in V-ATPase research was the isolation 
and characterization of the complex from the yeast vacuole (Uchida et al., 1985) and 
subsequently the identification of the yeast genes encoding some of the individual 
V-ATPase subunits (Nelson et al., 1989; Nelson and Nelson, 1989). These discoveries 
paved the way for structure-function studies in this unicellular organism. Disruption 
of multiple single-copy of V-ATPase genes in yeast resulted in an identical phenotype 
in which the cells cannot grow at a pH above 7, and are sensitive to high and low Ca2+- 
concentrations in the medium (Nelson and Nelson, 1990). The results of these studies 
in combination with the available yeast genetic tools illustrate that the yeast vacuolar 
model system is powerful to increase our knowledge regarding V-ATPase build-up, 
targeting and regulation.
General structure of the V-ATPase
Our knowledge regarding the subunit composition of the V-ATPase complex is based 
on biochemical analyses of the complex from various sources, such as chromaffin 
granules, brain-derived clathrin-coated vesicles, yeast vacuoles, and on comparative 
structural studies on the evolutionarily related F-ATPase complex, the ATP synthase 
in mitochondria, chloroplasts and bacteria (reviewed by Nishi and Forgac, 2002). 
To consider a protein as a potential V-ATPase subunit, it needs to be present in
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stoichiometric amounts with the isolated V-ATPase complex. Whether a protein can 
be considered as an integral part of the V-ATPase and does not represent an impurity 
of the isolation procedure, has been established by taking advantage of null mutations 
in yeast V-ATPase subunit genes. A null mutation leading to growth reduction in a pH- 
sensitive manner implied that the particular gene encodes an indispensable V-ATPase 
subunit (Nelson and Harvey, 1999). Nowadays, we know that the V-ATPase is a multi­
subunit enzyme complex composed of two functional domains (reviewed by Nishi 
and Forgac, 2002). The peripheral V^domain is responsible for ATP hydolysis and the 
membranous V0-domain functions in proton translocation over a membrane.
The V^domain comprises 8 subunits (A-H) with a proposed stoichiometry of A3:E>3 
(the nucleotide-binding subunits) and C :D :E :F :G :H (stalk-forming subunits) 
(Kitagawa et al., 2008; Muench et al., 2009). Nucleotide-binding domains have been 
identified in both the 70-kDa A subunit and the 60-kDa B subunit, but catalysis of ATP 
hydrolysis is uniquely happening at the A-subunits (Forgac, 1999). The peripheral 
stalk subunits are indispensable for V-ATPase assembly, except for subunit H since its 
ablation in yeast does not affect V-ATPase assembly but reduces V-ATPase activity (Ho 
et al., 1993; Kawasaki-Nishi et al., 2003). Importantly, subunits B and C interact with 
the actin-based cytoskeleton (Holliday et al., 2000; Vitavska et al., 2005; Vitavska et 
al., 2003).
The integral-membrane-bound V0-domain contains the rotary mechanism that is 
responsible for proton translocation. The yeast V0-domain consists of 6 subunits, 
namely a, c, c’, c”, d, and e with a proposed stoichiometry of a : d : e ^ :  c^: c" (Forgac,
2007). Mammalian V0-domains lack the c’ protein and their exact compositions are 
still under debate and may vary between sources (Arata et al., 2002; Jefferies et al.,
2008). Subunits c, c’and c” are highly hydrophobic proteins that form the so-called 
proteolipid, a ring structure in the lipid bilayer. The ~16-kDa c and c’ proteins contain 
four transmembrane helices and the 23-kDa c” protein five (Flannery et al., 2004). 
Essential for the translocation of protons are glutamic acid residues situated in the 
transmembrane helix three of c and c’ and of transmembrane helix four in c”. These 
glutamic acid residues interact with the a subunit and undergo reversible protonation/  
deprotonation during proton translocation (Jefferies et al., 2008).
The 100-kDa a subunit is an essential component of the V-ATPase. Being the largest 
subunit within the V-ATPase complex, it contains nine putative transmembrane 
domains and a C-terminal region facing the lumen. The protein further consists of 
an ~50-kDa N-terminal hydrophilic domain, situated at the cytoplasmic side of the 
membrane (Leng et al., 1999). The general and important function of the a subunit 
concerns the translocation of protons by deprotonation of the proteolipid subunits 
and release of the protons at the luminal side of the membrane (Kawasaki-Nishi et 
al., 2001).
A recent study in early endosomes has shown that the a2 isoform of the a-subunit (see 
below) serves as a pH sensor with the N-terminal domain directly interacting with 
the cytosolic GDP/GTP exchange factor ARNO and with the small GTPase Arf6 via 
the V-ATPase c-subunit, stressing the importance of the V-ATPase in pH-dependent 
vesicular trafficking between early and late endosomes (Hurtado-Lorenzo et al.,
2006).
Subunit d is a non-membrane-bound protein that interacts with the V-ATPase 
membrane domain via other V0-subunits and was first referred to as accessory
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Figure 1. Structure of the V-ATPase with its accessory subunits Ac45 (ATP6AP1) 
and M8-9 (ATP6AP2). The subunits belonging to the cytoplasmic -sector are 
shown in purple and V0-subunits in green.
subunit Ac39 (Wang et al., 1988). Although not much is known about its function, 
in yeast with a disrupted V0d gene [VMA6), V fails to bind to V0 and the typical 
V-ATPase null-phenotype resulted (Bauerle et al., 1993; Nelson and Harvey, 1999). 
These observations strongly suggest a role for the d subunit in the association of both 
V-ATPase domains.
The 9.2-kDa e subunit is the smallest integral protein of the V-ATPase complex 
and was first isolated from bovine chromaffin granules (Ludwig et al., 1998). Only 
recently, a genome-wide screening resulted in the identification of its yeast homolog. 
It is now well accepted that the e subunit is an essential protein for V0 assembly and 
for V -V assembly as well (Compton et al., 2006; Sambade and Kane, 2004). A general 
structure for the V-ATPase is presented in Fig.l.
Involvement of the V-ATPase in human diseases
Defects in plasma membrane V-ATPases have been linked to several human disorders. 
The inherited form of distal renal tubular acidosis is caused by mutation in the kidney- 
specific VXB or V0a4 subunit isoforms. Often, but not always, also these mutations can 
lead to sensorineural deafness (Borthwick et al., 2003; Karet et al., 1999; Smith et 
al., 2000). Another example of major V-ATPase involvement in human diseases is 
autosomal recessive osteoporosis. Mutations in the osteoclast-specific V0a3 subunit 
isoform cause an alteration in V-ATPase localization, thereby interfering with proton 
pumping into the ruffled bone-absorbing zone and thus with the capability of the 
osteoclasts to degrade bone (Borthwick et al., 2003; Frattini et al., 2000; Li et al.,
1999). Invasive human breast cancer cells express high levels of V-ATPase at their 
membranes. Acidification of the extracellular environment helps proteases such as 
cathapsins to degrade extracellular matrix proteins and in this way pave the way 
for tumor invasion (Sennoune et al., 2004). Recently, in pancreatic cancer cells a 
role for the V-ATPase in metastasis was further elucidated. In these cells, V-ATPase
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distribution was less polarized and plasma membrane expression was increased, 
increasing metalloprotease-9 activity (Chung et al., 2011).
Intracellular V-ATPases have been identified as key players in infectious diseases. 
Envelope viruses, among which influenza viruses enter a eukaryotic cell by the use of 
a cell-surface receptor and following endocytosis of the receptor/virus via clathrin- 
coated vesicles. Dissociation of the virus from the receptor and subsequent release 
of viral RNA into the cytoplasm largely depends on acidification of the endosomal 
system by the V-ATPase (Hinton et al., 2009). Furthermore, there is evidence that 
internalization of CXCR4, a G-coupled receptor which is indispensable for the entry 
of HIV-1, depends on V-ATPase-mediated acidification of clathrin-coated vesicles 
(Yamamoto, Y et al., (2006).
Besides active acidification of endosomal compartments also direct intracellular 
protein interactions with V-ATPase subunits play a role in viral use of the eukaryotic 
cell. The Nef protein is an accessory protein of human and simian immunodeficiency 
viruses (HIV and SIV) and is required for efficient viral infectivity and pathogenicity 
and interacts with the VXH subunit of the V-ATPase. Decreased cell surface expression 
of CD4 by Nef in infected cells is facilitated by the Nef-VXH interaction. Vt H links Nef 
to the endosomal pathway via its direct interaction with adapter complex 2 (AP2) 
(Geyer et al., 2002). Another involvement of intracellular V-ATPases in human diseases 
comes from observations that the papillomavirus E5 oncoprotein interacts with the 
pore-forming c-subunit of the V-ATPase, thereby inhibiting Golgi-acidification and 
thus interfering with the homeostasis of the Golgi complex (Schapiro et al., 2000). 
Intraorganellar pH disturbances affect Golgi glycosylation events in colorectal cancer 
(Kellokumpuetal., 2002). Interestingly, impairment of glycosylation of serum proteins 
in the Golgi was linked with mutations in the V0a2 subunit of the V-ATPase and causes 
autosomal resessive cutis laxa type II (Kornak et al., 2008). These examples show the 
importance of intracellular V-ATPases for post-translational protein modifications 
and protein targeting in relation with human diseases.
More related to this thesis is the involvement of intracellular V-ATPase impairments 
in neuronal and neuroendocrine disorders. A mutation in the ATP6AP2 gene (located 
in the X-chromosomal region X pll.4, Demirci et al., 2001) has recently been linked to 
the human deficiencies mental retardation and epilepsy (Ramser et al., 2005; Ropers 
and Hamel, 2005). Also, the V0a3 subunit isoform and the V-ATPase accessory subunit 
Ac45 (see below) have been suggested as a candidate gene for type 1 and 2 diabetes, 
respectively (Louagie et al., 2008; Sun-Wada et al., 2006).
Vo-Vi association and dissociation: a mechanism to regulate 
V-ATPase activity
The V0-sector and V^sector are assembled in the ER and in the cytoplasm, respectively, 
and following their assemblies they connect to form the functional V -V holoenzyme 
(Graham et al., 1998; Tomashek et al., 1997). A possible mechanism regulating the 
activity of the V-ATPase complex was elucidated by initial studies in Manduca sexta 
midgut goblet cells showing that during starvation the V^sector dissociates from the 
V0-sector (Sumner et al., 1995), a phenomenon also found in glucose-deprived yeast 
cells (Kane, 1995). Recently, this mechanism has also been suggested to regulate the 
V-ATPase in the endosomal pathway (Lafourcade et al., 2008). The association and
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dissociation between the membrane-bound V0-sector and the cytoplasmic V^sector 
is now considered to be a universal mechanism for the regulation of V-ATPase activity. 
This mechanism involves the Regulator of the H+-ATPase of Vacuolar and Endosomal 
membranes RAVE (reviewed by Beyenbach and Wieczorek, 2006; Seol et al., 2001; 
Smardon et al., 2002) and the glycolytic enzyme aldolase that interacts with the 
V-ATPase, thereby physically coupling glycolysis to ATP-hydrolyzing proton pumping 
(Lu et al., 2007; Lu et al., 2001; Lu et al., 2004). Factors that can further influence 
the assembly status of the V-ATPase are the local ATP/ADP ratio (Armbruster et al.,
2005), the cytoplasmic pH and the activity of the V-ATPase itself (Kane and Parra, 
2000 ).
A putative role for the V-ATPase V0-sector in post-SNARE membrane 
fusion
Apart from its function within the major V-ATPase proton pump, the membrane- 
bound V0-sector has been implicated to have a role in membrane fusion events as well. 
The first indication that the V0-sector of the V-ATPase is involved in neurotransmitter 
release and membrane fusion came from studies on Torpedo marmorata electric 
organ synaptosomes. The protein components of the Torpedo "mediatophore”, a pore- 
forming protein complex capable of Ca2+-dependent secretion of acetylcholine (Israel 
et al., 1986), were found to be identical to V0c, the 16-kDa constituent of the V-ATPase 
proteolipid (Birman et al., 1990). Increasing evidence from studies on yeast vacuole 
(Bayer etal., 2003; Peters etal., 2001), fly neurons (Hiesinger etal., 2005) and mouse 
pancreatic (3-cells (Sun-Wada et al., 2006) now suggest that besides its function in 
proton pumping the V0-sector of the V-ATPase also executes an important role in post- 
SNARE (Soluble N-ethylmaleimide-sensitive factor Attachment Protein Receptors) 
Ca2+-dependent membrane fusion. In addition, in developing zebrafish the V-ATPase 
V0-sector is involved in brain lysosome-phagosome fusion during the process of 
phagocytosis (Peri and Nusslein-Volhard, 2008). Furthermore, the polarization 
and formation of the osteoclastic ruffled border has recently been suggested to 
depend on proton-pumping-independent V0 functioning (Ochotny et al., 2011). 
Interestingly, in the yeast vacuole interaction between the V-ATPase (V0a and V0c) 
and the SNARE system (VAMP-2 and synaptophysin) has been observed (Galli et al., 
1996), involving Ca2+/calmodulin binding to VAMP-2 (Di Giovanni et al., 2010). This 
finding, together with the fact that in Torpedo marmorata nerve terminals the brain- 
specific V0a l isoform interacts with VAMP-2 (Morel et al., 2003), provides a molecular 
link between V0 and Ca2+-dependent membrane fusion. Intriguingly, only the brain- 
specific V0a l isoform and not its other isoforms (V0a2-4) contains a Ca2+/calmodulin 
binding site essential for calmodulin recruitment to the synapse (Zhang et al., 2008). 
Also the yeast Vxa homologue participating in membrane fusion, vphl (Bayer et al., 
2003), harbours a calmodulin-binding site (Zhang et al., 2008), strengthening the 
hypothesis that calmodulin action towards V0 occurs via a specialized V0a isoform and 
represents an evolutionarily conserved mechanism. Disruption of the V0al-subunit 
gene in Drosophila hampered vesicle fusion with the presynaptic membrane, further 
implicating a post-SNARE role for V0a l and thus for V0 in synaptic membrane fusion 
(Hiesinger et al., 2005).
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Isoforms of V-ATPase subunits
Except for the VQa subunit, which occurs in two isoforms (Manolson et al., 1994), 
in yeast only one variant of each V-ATPase subunit is present. However, in higher 
eukaryotes a repertoire of various subunit isoforms is expressed, mostly in a tissue- 
dependent manner, two isoforms of the V subunits B and E, and VQ subunit d , three 
variants of VXC and and four distinct isoforms of the VQa subunit are known 
(Smith etal., 2001; Smith et al., 2000; reviewed by Toei et al., 2010). Tissue-specific 
expression of V-ATPase subunit isoforms is well-documented for brain, kidney, 
epididymis, osteoclasts (Jefferies et al., 2008) and lung alveolar cells (Sun-Wada et 
al., 2003). The diversity in the build-up of the V-ATPase most likely contributes to 
the specific localization and functionality °f the pump in these specialized cell types.
Acidification in the regulated secretory pathway
Neuronal and (neuro)endocrine cells are dedicated to secrete neurotransmitters or 
peptide hormones in response to a stimulatory pulse. For this task, the cells have to 
fill secretory granules or vesicles with cargo such that they can release on demand. 
Critical in this process is the transport of proteins and lipid membranes through the 
regulated secretory pathway. To ensure correct transport, nature invented cascades 
of protein-protein interactions, largely depending on the protonated stage of these 
proteins. Therefore, the pH in the consecutive subcompartments of the regulated 
secretory pathway is of crucial importance for correct protein transport and sorting. 
Proteins destined to be secreted by the cell are synthesized at ribosomes situated 
on the rough endoplasmic reticulum (rER) and subsequently translocated with 
the involvement of the signal recognition particle (SRP) (Egea et al., 2005) into the 
lumen of the ER, which contains a neutral pH. In the ER, proteins are folded; the first 
posttranslational modifications, e.g. N-glycosylation, take place followed by protein 
quality control to ensure that only well-folded and correctly modified proteins exit 
from the ER. Via a specialized vesicular compartment, the ER-to Golgi-intermediate 
compartment (ERGIC), proteins are then transported to the Golgi apparatus. In this 
compartment, the pH gradually decreases from ~6.7 in the cis-Golgi stacks, to ~6.0 
at the trans-Golgi network (TGN) (Paroutis et al., 2004). Experiments using weak 
bases or V-ATPase inhibitors to interfere with secretory pathway acidification have 
shown that protein sorting, proprotein processing and regulated secretion (Carnell 
and Moore, 1994; Schoonderwoert et al., 2000) were impaired and thus highly 
depend on a relatively low pH in the Golgi. Furthermore, the correct trafficking of 
TGN-resident proteins, such as the endoprotease furin and TGN38, is similarly pH 
dependent (Chapman and Munro, 1994).
From the TGN, immature secretory granules bud off. Proteins destined to be 
secreted via the regulated secretory pathway self-aggregate in the local TGN milieu 
that is characterized by relatively high Ca2+ concentrations and low pH (Chanat and 
Huttner, 1991). Also, vesicle biogenesis largely depends on low pH conditions in the 
TGN (Taupenot et al., 2005). In the secretory vesicles, the milieu is progressively 
more acidified, a prerequisite for further correct protein processing by specific 
endoproteases (Schoonderwoert and Martens, 2001).
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For synaptic vesicles, luminal acidification is crucial for neurotransmitter uptake. The 
established electrochemical gradient is the driving force for specific neurotransmitter 
transporters presentin thevesicular membraneandthataccumulateneurotransmitters 
in the vesicle (Morel, 2003; Moriyama et al., 1992).
From the above it is clear that a tight regulation of the pH in the various sub­
compartments of the regulated secretory pathway, and thus the regulation and 
targeting of the most important regulator of the luminal pH, the V-ATPase complex, is 
of critical importance for the functioning of secretory cells.
Putative regulators of the V-ATPase
A number of V-ATPase-associated membrane proteins have been identified from a 
variety of sources, such as yeast, bovine chromaffin granules and brain-derived 
clathrin-coated vesicles, which have a putative role in the regulation of the proton 
pump. Their exact roles are however mostly not understood. In the following 
paragraphs, the present data available for the putative V-ATPase-regulating proteins 
are discussed.
1) The V-ATPase is regulated by Vtc proteins in the yeast vacuole
The first example of how the V-ATPase can be influenced by accessory proteins 
resulted from studies on the yeast vacuole. The yeast vacuolar transporter chaperone 
(Vtc) family consists of four proteins (Vtcl-4). Vtcl was originally identified in a 
screen for suppressors of V-ATPase function in yeast (Cohen et al., 1999) and was 
found to be a 14.4-kDa hydrophobic protein containing three transmembrane helices. 
Subsequent database mining led to the discovery of Vtc2 (95.4 kDa), Vtc3 9 (96.5 
kDa) and Vtc4 (75.5 kDa). The Vtc2 and Vtc3 proteins also contain a hydrophobic 
C-terminal domain but have a large hydrophilic N-terminal domain that is not present 
in Vtcl. Interestingly, Vtc4 displays the highest degree of similarity with Vtc2 and Vtc3, 
but lacks the hydrophobic C-terminal domain. Vtcl and Vtc4 likely act in a complex 
(Cohen et al., 1999). Cohen et al (1999) also provided the first insight into the possible 
function of the Vtc proteins. Disruption of the VTC1 and VTC4 genes in yeast resulted 
in reduced V-ATPase activity, whereas inactivation of only VTC1 caused less V-ATPase 
protein to be present in the vacuolar membrane (Cohen et al., 1999; Nelson et al.,
2000). These results suggested for the first time the involvement of the Vtc proteins 
in yeast V-ATPase distribution and activity.
The co-purification of Vtc-1 and V0 provided the first indication for an 
interaction between Vtcs and the V-ATPase (Cohen et al., 1999). Subsequent co- 
immunoprecipitation studies in yeast revealed that a complex of the four Vtc proteins 
associates with the V0-sector and with the R-SNARE Nyvlp, influencing priming 
activity by N-ethylmaleimide sensitive factor (NSF). Deletion of the VTC genes greatly 
affected vacuole morphology in mutant yeast cells, indicating that the Vtc complex is 
indeed involved in membrane fusion events. Intriguingly, the Vtc complex contributes 
to the efficiency of V0-trans-complex formation (Muller et al., 2002), an interaction 
preceding full membrane fusion. Subsequent studies showed that Vtc proteins affect 
V-ATPase V0 stability, most likely by influencing the conformation of V0. Consequently, 
Vtc proteins affect V -V binding and thereby V-ATPase activity (Muller et al., 2003).
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Thus, although the Vtc complex has also been implicated in various other membrane 
fusion processes such as endocytosis and microautophagy (Murray and Johnson, 
2001; Uttenweiler et al., 2007), in yeast its role as a V-ATPase chaperone is evident.
2) V-ATPase accessory protein 2(ATP6AP2)/ (pro)renin receptor
In bovine chromaffin granule membranes, a small ~9-kDa protein denoted as M8-9 
has been identified as an accessory subunit of the V-ATPase. M8-9 (now referred 
to as ATP6AP2) was found to be associated with the V0-sector of the proton pump 
(Ludwig et al., 1998). For a long time, this V-ATPase accessory subunit was essentially 
ignored. In 2002 Nguyen et al. (Nguyen et al., 2002) searched for proteins involved in 
the renin-angeotensin system (RAS) that is critical for controlling blood pressure and 
salt balance in mammals. The discovery of the (pro)renin receptor ((P)RR), a 40-kDa 
type I transmembrane protein, as the receptor for the aspartyl protease (pro)renin, 
was considered to be a major step forward in understanding the local function of 
(pro)renin in RAS. Surprisingly, the authors reported that (P)RR displayed no amino 
acid sequence similarity with any known membrane protein (Nguyen et al., 2002). It 
was only in 2007 that Michael Bader (Bader, 2007) recognized the identity between 
the C-terminal region of (P)RR and ATP6AP2, and proposed a 'second life’ for (P)RR, 
namely as a protein affecting V-ATPase functioning.
A recognition site for the endoprotease furin present just N-terminally of the ATP6AP2 
sequence in (P)RR was identified. Proteolytic processing of (P)RR by furin thus might 
result in the small ATP6AP2 polypeptide isolated with V0. The C-terminal region of 
((P)RR has been clearly more conserved among vertebrates and invertebrates than 
its N-terminal domain. Taking into account that invertebrates do not have a RAS, 
(Bader, 2007) Bader (2007) proposed that the second function of the protein, namely 
a (pro)renin receptor, evolved later than its function as part of the V-ATPase complex. 
A recent study has shown that (P)RR is specifically co-expressed with the V-ATPase 
at the luminal surface of the alpha-intercalated collecting duct cells in rat kidney. 
Interestingly, the intracellular ERK 1/2 phosphorylation that is induced by (P)RR 
(pro)renin binding is highly dependent on the activity of the V-ATPase (Advani et al.,
2009).
A genome-wide siRNA screen to elucidate components regulating Wnt receptors 
during Xenopus early embryonic development has revealed a role for (P)RR in renin- 
independent V-ATPase functioning during early development (Cruciat et al., 2010). 
A number of interesting observations supporting a role for (P)RR towards the 
V-ATPase were made. First, it was confirmed that (P)RR interacts with the V0c and 
V0d subunits of the V-ATPase. Secondly, (P)RR directly interacts with the Wnt receptor 
via its extracellular domain. Third, phenotypes resulting from the inhibition of (P)RR 
expression resemble those observed when the V-ATPase was pharmacologically 
inhibited or its expression down regulated, indicating that both V-ATPase activity 
and the presence of (P)RR are required for Wnt signaling (Cruciat et al., 2010). 
Furthermore, gene ablation studies in C. elegans and zebrafish pointing to ATP6AP2 
requirement during early development (Amsterdam et al., 1999; Bader, 2007), a 
feature shared with other V-ATPase subunits (Inoue et al., 1999; Schoonderwoert and 
Martens, 2002b). Thus, ATP6AP2/(P)RR may have a dual function in both RAS and 
V-ATPase functioning.
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A mutation in the ATP6AP2 gene (located in the X-chromosomal region Xpll.4, 
Demirci et al., 2001) has recently been linked to the human deficiencies mental 
retardation and epilepsy (Ramser et al., 2005). Besides ATP6AP2 malfunctioning as a 
(pro)renin receptor, as suggested by the authors, malfunctioning of the V-ATPase and 
consequently affected neurotransmitter secretion should therefore be considered as 
well (Bader, 2007).
3) V-ATPase accessory subunit Ac45 (ATP6AP1)
The highly N-glycosylated type I transmembrane protein Ac45 (also named ATP6AP1) 
has been initially identified by its co-purification with the V-ATPase isolated from 
bovine chromaffin granules (Supek et al., 1994) and was found to be identical to the 
previously discovered granular glycoprotein IV (Getlawi et al., 1996). Both studies 
showed that Ac45 interacts with the V0-sector of the proton pump (Fig. 1), an 
observation recently confirmed in transfected COS-7 cells (Feng et al., 2008). Since 
Ac45 was co-purified with V0 complexes isolated from only a subset of V-ATPase- 
containing intracellular membranes, the protein is considered as an accessory subunit 
of the V-ATPase (Supek et al., 1994; Toei et al., 2010; Xu et al., 2007).
Although Ac45 is ubiquitously expressed, the highest expression levels are found 
in neuronal and neuroendocrine tissues (Holthuis et al., 1995; Louagie et al., 2008; 
Supek et al., 1994). Furthermore, Ac45 mRNA is highly expressed in RAW 264.7 cells 
differentiated into osteoclasts and in naturally occurring osteoclasts (Feng et al., 2 008). 
Notably, no homolog of Ac45 is present in yeast (Schoonderwoert and Martens, 2001). 
Independent from its biochemical isolation, we found that Ac45 mRNA expression was 
co-induced with the expression of the prohormone proopiomelanocortin (POMC) in 
activated neuroendocrine melanotrope cells of Xenopus laevis (Holthuis et al., 1995). 
This finding resulted from a differential mRNA expression screen for genes involved 
in regulated peptide hormone secretion by the Xenopus melanotropes. Together with 
its apparent interaction with the V-ATPase, the finding in Xenopus was the basis for 
our hypothesis that Ac45 is involved in the targeting or regulation of the V-ATPase 
and thus in the regulation of the intragranular pH of neuroendocrine cells (Holthuis 
etal., 1995).
cDNA cloning of bovine Ac45 (Supek et al., 1994) and Xenopus Ac45 (Holthuis et al.,
1999) revealed that Ac45 mRNA encodes a protein larger than the 45-kDa protein 
initially isolated. We performed biosynthetic labeling experiments using the Xenopus 
melanotrope cell model to explore the intracellular fate of newly synthesized Ac45 
in neuroendocrine cells (Holthuis et al., 1999; Schoonderwoert et al., 2002). These 
studies revealed that Ac45 is produced as an ~62-kDa glycosylated protein (now 
referred to as intact-Ac45) that is subsequently processed in the early secretory 
pathway to an ~40 kDa protein (cleaved-Ac45), corresponding to the ~45 kDa Ac45 
protein originally isolated from bovine chromaffin granules (Supek et al., 1994). 
Recently, Lougie et al. (Louagie et al., 2 008) discovered that Ac45 is a substrate for the 
endoprotease furin. We observed that in Xenopus melanotrope cells the cleavage of 
Ac45 occurs prior to its arrival in the TGN (Schoonderwoert et al., 2002), suggesting 
that in these cells furin is already active in the early secretory pathway (Bass et al.,
2000 ).
The short C-terminal region of the Ac45 protein contains an autonomous targeting
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signal (TMDRFDD, Jansen et al., 1998) that is highly conserved among species 
(Schoonderwoert and Martens, 2002a). Recently, Feng and coworkers recognized 
the importance of the Ac45 C-tail. They showed that expression of an Ac45 mutant 
lacking its C-terminal tail resulted in inefficient V-ATPase-dependent osteoclastic 
bone resorption (Feng et al., 2008). Thus, the Ac45 C-tail plays an important role in 
V-ATPase functioning, but its precise role is still elusive.
A crucial step in the understanding of V-ATPase targeting and regulation would be
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Figure 2. Flow diagram of the stable Xenopus transgenesis procedure. Transgenesis 
was performed according to (Kroll and Amaya, 1996] and modified by (Sparrow et al.,
2000]. For the generation of FI transgenic animals we used transgenic sperm and wild- 
type eggs.
the elucidation of the role of its accessory subunits. We therefore set out a strategy to 
explore the role of the neuroendocrine-enriched V-ATPase accessory subunit Ac45. 
Based on its characteristics (see above) Ac45 is an attractive candidate to act as a 
V-ATPase regulator in the regulated secretory pathway.
In a first attempt to study the role of Ac45 in V-ATPase functioning, our group tried 
to generate a knock-out mouse model for Ac45. Unfortunately, disruption of the 
Ac45 gene in the mouse severely affected blastocyst development, leading to early 
embryonic lethality (Schoonderwoert and Martens, 2002b). In this study, we decided 
to use the Xenopus intermediate pituitary melanotrope cell (see below) and combine 
the unique features of this in vivo cell model with melanotrope-specific transgene 
expression (Jansen et al., 2002; reviewed by Scheenen et al., 2009) to elucidate the 
role of Ac45.
The Xenopus intermediate pituitary melanotrope cell model
Amphibians such as the South African claw-toed frog Xenopus laevis have the 
capability to adjust the colour of their skin to the brightness of their surroundings. 
In this neuroendocrine reflex, the so-called background adaptation process, the 
intermediate pituitary melanotrope cells play a central role. When a frog is placed
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on a black background, alpha-melanophore-stimulating hormone (a-MSH) secreted 
by the melanotropes, provokes pigment dispersion in the dermal melanophore cells, 
resulting in darkening of the skin. When placed on a white background, secretion of 
a-MSH is inhibited, giving a pale frog skin (reviewed by Jenks, 1993).
The secretion of a-MSH by the melanotrope cells is under tight control of stimulatory 
and inhibitory hypothalamic and extra-hypothalamic neurons projecting on the 
melanotrope cells. In short, stimulatory neurons, activated during black-background 
adaptation, secrete small neurotransm itters andneuropeptides such as corticotrophin- 
releasing hormone (CRH) and urocortin-1 (UCN1), probably acting through CRH type 
I and II receptors, and thryrotrophin-releasinghormone (TRH) (Jenks etal., 2003). On 
a white background, the suprachiasmatic melanotrope-inhibiting neurons (SMINs, 
Ubink et al., 1998) that innervate the pituitary pars intermedia secrete inhibitory 
neurotransm itters and neuropeptides such as dopamine (acting through the 
dopamine D2 receptor), neuropeptide Y (acting through the Y1 receptor) and gamma 
aminobutyric acid (GABA, via GABAa and GABAb receptors), thereby inhibiting a-MSH 
release from the melanotrope cells (reviewed by Jenks et al., 2007). The G-protein- 
coupled receptors expressed by the melanotrope cells converge on the enzyme 
adenylate cyclase, thereby controlling cytosolic cyclic AMP (cAMP) levels, affecting 
the opening of Ca2+-channels in the plasma membrane and provoking spontaneous 
Ca2+ -oscillations which are the driving force for regulated a-MSH secretion (reviewed 
by Jenks et al., 2003).
Activated Xenopus m elanotrope cells are characterized by a well-developed secretory 
pathway, including an extensive ER and Golgi apparatus (Van Herp et al., 2005). In 
these cells, POMC-containing dense core immature secretory granules m ature and 
during this granular m aturation event 37-kDa POMC is processed to 18-kDa POMC 
and small bioactive peptides, including a-MSH. Inactive melanotrope cells harbor 
large amounts of a-MSH-containing m ature storage granules, waiting to be released 
after a stimulus (Berghs etal., 1997). In activated melanotrope cells, POMC expression
Figure 3. GFP expression driven by the 
529-bp POMC promoter fragment during 
early Xenopus development. Expression 
of GFP was detected from stage 25 onwards. 
At this stage (ST25] GFP is expressed in the 
total prosencephalon and especially in the 
region differentiating into the eye vesicle 
and the diencephalon. At stages 3 land 
37/38 (ST31 and ST37/38], expression of 
GFP becomes restricted to the forebrain 
and the olfactory placode (OP]. Stage 40 
tadpoles (ST40] show high GFP expression 
in the region where the pituitary is located. 
In a number of animals, GFP expression is also 
found in the anterior part of the diencephalon. 
Note that the GFP signal is blue, due to the 
correction for yolk autofluorescence. E, 
(presumptive) eye; C, cement gland; OP, 
olfactory placode, (taken from Jansen et al. 
2002)
OP
c
ST37/38
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is induced and about eighty percent of the mRNA pool comprises POMC mRNA, 
making this prohormone the major newly synthesized protein in these cell (Holthuis 
et al., 1995). Together with the induction of POMC, the expression of other secretory 
pathway components is induced, including that of prohormone processing enzymes 
such as prohormone convertase-2 (PC2) and carboxypeptidase E (CPE), members 
of the granin protein family including the PC2 chaperone 7B2, secretogranin-2 and 
-3, and members of the p24 family of putative cargo receptors (Holthuis et al., 1995; 
Holthuis and Martens, 1996; Kuiper et al., 2000; Rotter et al., 2002).
Intriguing and im portant for this thesis was our observation that the expression 
level of the V-ATPase accessory subunit Ac45 is also elevated upon melanotrope cell 
activation (Holthuis et al., 1999; Holthuis et al., 1995). Apparently, the melanotrope 
cells adjust the status of their V-ATPase to the needs of the highly active secretory 
pathway. Indeed, in activated melanotrope cells inhibition of V-ATPase activity by 
bafilomycin A resulted in impaired prohormone processing and regulated peptide 
release (Schoonderwoert et al., 2 00 0), stressing the importance of V-ATPase regulation 
in the regulated secretory pathway of a neuroendocrine cell.
On the basis of the above-mentioned characteristics, we consider the Xenopus 
melanotrope cell an excellent in vivo cell model to study the involvement of Ac45 in 
V-ATPase trafficking and regulation.
Melanotrope cell-specific transgene expression: a tool to study the 
cellular role of neuronal and neuroendocrine proteins
Having introduced the Xenopus melanotrope cell as a well-characterized cell model 
to study regulated secretory pathway events, we searched for ways to manipulate 
this cell type in vivo. Transgenic manipulation of protein expression levels specifically 
in the melanotrope cells of the intermediate pituitary would provide us with a 
unique tool to study the role of a neuroendocrine or neuronal protein in its natural 
environment. Furthermore, since in Xenopus the intermediate pituitary is dedicated 
only to the process of background adaptation, manipulation of this cell population 
was expected to be harmless to early developmental processes and adult physiology. 
In 1996, Kroll and Amaya (Kroll and Amaya, 1996) were the first to generate stable 
transgenic Xenopus using restriction enzyme-mediated transgene integration (REMI). 
Later, we and others have simplified this method (Jansen et al., 2002; Sparrow et 
al., 2000). In short, a mixture of sperm nuclei and the transgene DNA fragment are 
injected into unfertilized Xenopus oocytes. The transgene fragment contains a specific 
prom oter to drive cell-specific transgene expression, the cDNA encoding the protein 
of interest (mostly fused to green fluorescent protein (GFP)) and a poly-adenylation 
signal. Following injection, well-developing 4-cell stage embryos are selected, cultured 
and checked for transgene expression, mostly by monitoring the expression of GFP. 
Adult transgenic frogs are employed to generate a large FI generation of transgenic 
Xenopus that is used for functional studies (Fig.2, Dirks etal., 2003). To drive transgene 
expression of GFP specifically to the intermediate pituitary melanotrope cells, we 
used a 529-bp POMC gene A promoter fragment in. In the transgenic embryos, we 
found low-level GFP expression in the developing brain of stage 2 5 embryos. However, 
from stage 40 onwards, when the intermediate pituitary melanotrope cells start to 
secrete a-MSH, transgene expression was exclusively observed in the pituitaries of
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the tadpoles (Fig. 3 and Jansen et al., 2002). In adult frogs, POMC promoter-driven 
GFP transgene expression appeared to be melanotrope cell-specific since no or only 
very low levels of GFP expression were found in the POMC-producing corticotrope 
cells in the anterior pituitary and no GFP expression was found in the brain (Fig. 4 and 
Jansen et al., 2002). Thus, the POMC gene promoter fragment used drives transgene 
expression specifically to the melanotrope cells without affecting other POMC- 
producing cells. Furthermore, it appeared that the activity of this gene promoter 
fragment also depended on the darkness of the frogs surroundings. Transgene 
expression levels in the melanotrope cells of black-adapted animal were ~10 times 
higher than those derived from white-adapted animals, showing that transgene 
expression levels can be physiologically regulated (Dirks et al., 2003).
The above-described study paved the way for many studies regarding the functions 
of neuronal and neuroendocrine proteins by their transgenic expression in Xenopus 
melanotrope cells, such as for members of the p24 family of putative cargo receptors 
(Bouw et al., 2004; Strating et al., 2007), prion protein (van Rosmalen and Martens,
2007), brain-derived neurotrophic factor (de Groot et al., 2006), neuroserpin (de Groot,
2006), vascular endothelial growth factor (S. Tanaka, m anuscript in preparation) 
and the Ca2+-sensor frequenin (W.J.J.M. Scheenen, m anuscript in preparation). The 
melanotrope-specific transgene expression in combination with our knowledge of 
melanotrope cell functioning has provided us with a unique tool to study the role of 
proteins in neuronal and neuroendocrine cells close to the in vivo situation.
Figure 4. GFP is primarily expressed in 
the intermediate pituitary of pPOMCGFP 
transgenic juvenile Xenopus. Sagittal 
brain-pituitary cryosections of a pPOMCGFP 
transgenic frog were analyzed. (A] 
Endogenous POMC expression. Sections were 
stained for POMC usingan anti-ACTH antibody 
and a Texas Red conjugated second antibody.
High levels of POMC expression were found 
in the intermediate pituitaiy (pi], whereas 
lower levels of expression were detected in 
a subregion of the anterior pituitary (pd; 
indicated by an arrow]. Other fluorescent 
signals were the result of auto fluorescence. (B]
GFP fluorescence found in the intermediate 
part of the Xenopus pituitary. (C] Merge of 
direct GFP fluorescent signal and endogenous 
POMC signal, showing colocalization of GFP 
and POMC in the intermediate pituitary. Scale 
bar, 100 |iM. (taken from Jansen et al 2002]
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Aim and outline of this thesis
The regulation of the V-ATPase was mostly studied in the yeast vacuole and in midgut 
goblet cells of Manduca sexta. Although identified more than 15 years ago, the function 
of the V-ATPase accessory subunit Ac45 remained elusive. Since yeast has no Ac45 
homolog, this accessory subunit of the proton pum p was probably virtually ignored. 
Nevertheless, given the great importance of intra- and extracellular acidification and 
membrane energization, a tight regulation of the universal V-ATPase proton pump in 
a tissue-, cell- and even organelle-specific manner is crucial for the development and 
physiology of all living organisms. In this thesis, we therefore aim to elucidate the role 
of Ac45 as a potential regulator of the V-ATPase pump. In addition, we search for new 
Ac45-related proteins that might also act as specific regulators of the proton pump.
In chap te r 2, we generate transgenic Xenopus lines expressing an excess of Ac45 
specifically in the strictly regulated melanotrope cells and show that the excess of 
Ac45 in these cells affects endogenous V-ATPase localization and the Ca2+-dependent 
secretory activity of this neuroendocrine cell. In ch ap te r 3, we show that excess Ac45 
results in enhanced granular acidification, linking for the first time Ac45 expression 
levels with the regulation of the intragranular pH. Interestingly, this distorted granular 
pH clearly affects prohormone processing in the regulated secretory pathway. 
Transgenic expression of Ac45 deletion mutants, described in chap te r 4, shows 
that N-and C-terminal domains within the Ac45 protein contribute to its regulatory 
function towards the V-ATPase and stress the im portant role of the Ac45/V-ATPase 
complex in regulated Ca2+ -dependent peptide secretion. To identify new Ac45 
homolog, we performed database searches and describe in ch ap te r 5 a novel lung- and 
kidney-specific isoform of Xenopus Ac45. This new protein, denoted Ac45-like protein 
(Ac45LP), is absent from placental mammals but might represent the functional 
Ac45 protein in birds. Ac45LP possibly provides new possibilities for V-ATPase 
regulation during neurodevelopment, and in lung and kidney cells. Furthermore, we 
show a non-redundancy of Ac45 and Ac45LP in transgenic neuroendocrine Xenopus 
melanotrope cells. Following more extensive database searches, we describe in 
ch ap te r 6 the discovery of a brain-specific paralog of Ac45 in Xenopus and mouse, 
denoted Ac45-related protein (Ac45RP). mRNA expression studies in the mouse 
show that Ac45RP mRNA is highly expressed in the olfactory bulb. In chap te r 7, the 
first Ac45RP localization studies in mouse N2a neuroblastoma cells using a newly 
developed anti-Ac45RP antibody are reported. Furthermore, preliminary results that 
point to a role of Ac45RP in neurite outgrowth are presented. Finally, in ch ap te r 8 
the results presented in this thesis are summarized and discussed, and models on 
V-ATPase regulation by accessory subunits are presented, placing the results in a 
broader context.
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Chapter 2
Summary
The vacuolar (H']-ATPase (V-ATPase] is crucial for multiple processes within the 
eukaryotic cell, including membrane transport and neurotransm itter secretion. 
How the V-ATPase is regulated, e.g. by an accessory subunit, remains elusive. Here 
we explored the role of the neuroendocrine V-ATPase accessory subunit Ac45 via its 
transgenic expression specifically in the Xenopus intermediate pituitary melanotrope 
cell model. The Ac45-transgene product did not affect the levels of the prohormone 
proopiomelanocortin nor of V-ATPase subunits, but rather caused an accumulation of 
the V-ATPase at the plasma membrane. Furthermore, a higher abundance of secretory 
granules, protrusions of the plasma membrane and an increased Ca2+-dependent 
secretion efficiency were observed in the Ac45-transgenic cells. We conclude that 
in neuroendocrine cells Ac45 guides the V-ATPase through the secretory pathway, 
thereby regulating the V-ATPase-mediated process of Ca2+-dependent peptide 
secretion.
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Introduction
The vacuolar (H']-ATPase (V-ATPase] is a multi-subunit enzyme complex that resides 
in the plasma membrane and in membranes of various subcellular compartments, 
such as endosomes, lysosomes and secretory vesicles. The V-ATPase is of crucial 
importance for a variety of cell-biological events that depend on active proton 
transport across a membrane to establish organelle acidification or to generate a 
transmembrane electrical potential, thereby affecting processes such as embryonic 
left-right patterning, osteoclastic bone resorption, intracellular membrane transport, 
endosomal receptor-ligand dissociation, lysosomal hydrolysis, receptor-mediated 
endocytosis, intracellular protein targeting, prohormone sorting and processing, 
and neurotransmitter uptake (Adams et al., 2006; Feng et al., 2008; Nishi and Forgac, 
2002; Paroutis etal., 2004). Intriguingly, recent data suggest a role for the V-ATPase in 
membrane fusion during exocytotic secretion as well (Hiesinger et al., 2005; Liegeois 
et al., 2006; Morel, 2003; Weimer and Jorgensen, 2003).
V-ATPases are present in virtually all eukaryotic cells, but their molecular composition 
and subcellular localizations differ between organisms and cell types (reviewed 
in Beyenbach and Wieczorek, 2006). The enzyme consists of two domains, the 
peripheral V^domain responsible for ATP hydrolysis and the integral V0-domain 
which takes care of the proton transport over the membrane (Nishi and Forgac, 
2002). At present, surprisingly little is known about the targeting and regulation of 
the V-ATPase. Although Vj-V,, association/dissociation is thought to be a universal 
mechanism for regulating V-ATPase activity (Beyenbach and Wieczorek, 2006), other 
regulatory mechanisms have been proposed, such as an interaction of the V-ATPase 
complex with an accessory subunit (Schoonderwoert and Martens, 2001; Supek et 
al., 1994). The type I transmembrane glycoprotein Ac45 is such a V-ATPase accessory 
subunit. The neuronal- and neuroendocrine-enriched Ac45 protein was first isolated 
from bovine chromaffin granules by its co-purification with the V0-sector of the pump 
(Getlawi et al., 1996; Supek et al., 1994; reviewed in Xu et al., 2007). Subsequently, 
analysis of the V0-complex (Ludwig et al., 1998) and a recent co-immunoprecipitation 
study in transfected COS-7 cells (Feng et al., 2008) confirmed the association of Ac45 
with the V0-subunits of the membrane sector.
In Xenopus laevis intermediate pituitary melanotrope cells, Ac45 has been found 
to be coordinately expressed with the prohormone proopiomelanocortin (POMC) 
(Holthuis et al., 1995). In the early secretory pathway of these cells, the Ac45 protein 
is proteolytically processed to a C-terminal cleavage product that corresponds to the 
mammalian Ac45 protein isolated from secretory granules (Holthuis et al., 1999; 
Schoonderwoert et al., 2002). The neuroendocrine Xenopus melanotrope cells can be 
activated in vivo to produce large amounts of POMC simply by placing the animal on 
a black background. POMC is cleaved by prohomone convertases (PCs) to a number 
of bioactive peptides, including a-melanophore stimulating hormone (a-MSH) that is 
released into the bloodstream, causing dispersion of the skin melanophores (Jenks,
1993). In contrast to cultured neuroendocrine cell lines, the Xenopus melanotropes are 
strictly regulated cells with the prohormone and other regulated secretory proteins 
sorted efficiently into secretory granules (Roubos, 1997). Peptide release from the 
melanotrope cells occurs exclusively via the regulated secretory pathway with the 
second messenger Ca2+ as the driving force for a-MSH release (Jenks et al., 2003; van
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den Hurk et al., 2005; Zhang et al., 2005).
Although Ac45 has been identified more than a decade ago, its role is still elusive. In 
view  of its coordinated expression with POMC, we have proposed a role for Ac45 in 
the regulated secretory pathway (Holthuis et al., 1999; Holthuis et al., 1995). In a first 
attempt to study its function, we previously disrupted the Ac45 gene in the mouse 
but unfortunately blastocyst development was severely affected, resulting in early 
embryonic lethality (Schoonderwoert and Martens, 2002). To explore the function of 
Ac45 in an in vivo context and in a well-defined model system, we now combined the 
unique features of the Xenopus melanotrope cell with the technique of stable Xenopus 
transgenesis (Kroll and Amaya, 1996; Sparrow etal., 2000). We used a Xenopus POMC- 
gene promoter fragment (Jansen et al., 2002) to target transgene expression of intact 
Ac45 or cleaved Ac45 specifically to the melanotrope cells. This cell-specific transgenic 
approach enabled us to examine the melanotrope cells with the regulatory input from 
the hypothalamic neurons being unaffected. Here we describe the effects of excess 
Ac45 on the functioning of the regulated secretory pathway in the melanotrope cells. 
The results of our study are m ost consistent with a role for Ac45 in V-ATPase routing 
and in this way controlling the V-ATPase in the regulated secretory pathway.
Material and Methods
Animals
Xenopus laevis were reared in the Xenopus facility of the Department of Molecular 
Animal Physiology (Central Animal Facility, Radboud University Nijmegen). 
Experimental animals were adapted to a black background for 3 upto 8 weeks with a 
light/dark cycle of 12 h. All animal experiments were carried out in accordance with 
the European Communities Council Directive 86/609/EEC  for animal welfare, and 
permits GGO 98-143 and RBD0166(H10) to generate and house transgenic Xenopus 
laevis.
Generation o f  Xenopus laevis stab ly  transgenic fo r  intact-Ac45 o r cleaved-Ac45 fu sed  to 
GFP
Since the C-tail of the Xenopus Ac45 protein contains putative targeting signals 
(Jansen et al., 1998) and to avoid any possible trafficking defect, GFP was fused to the 
N-terminus of Ac45. To translocate the fusion proteins over the ER membrane, the 
Xenopus Ac45 signal peptide (SP) sequence was placed in front of GFP. To generate 
DNA encoding intact-Ac45 or cleaved-Ac45, the Xenopus Ac45 ORF (clone X1311-4 
(Holthuis et al., 1999), lacking the signal peptide) was amplified by PCR (High Fidelity 
PCR Mix; MBI Fermentas), using forward primer 5’-gggggaattccagcaagtgcccgtgctg-3’ 
and reverse primer 5’- ggggtctagattactctgtctggggcacagc-3’, or forward 
primer 5’-gggggaattccctatgccaagctatcctcc-3’ and reverse primer 
5'-ggggtctagattactctgtctggggcacagc-3', respectively. The EcoR\/Xba\- digested intact- 
Ac45 or cleaved-Ac45 PCR products were subcloned into the pPOMC(A)2+-SP-GFP 
vector (Collin and Martens, 2006) resulting in the constructs pPOMC(A)2+-GFP/ 
intact-Ac45 and pPOMC(A)2+-GFP/cleaved-Ac45, respectively. To generate transgenic 
Xenopus laevis, 125 ng of purified Sail /N o t\  linear DNA fragments from pPOMC(A)2+- 
GFP/intact-Ac45 and pPOMC(A)2+-GFP/cleaved-Ac45 containing the SV40-polyA 
signal were used for stable Xenopus transgenesis (Jansen et al., 2002). Several
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transgenesis rounds yielded transgenic FO Xenopus embryos with various transgene 
expression levels in the pituitary as was judged by direct screening of the living 
embryos under a fluorescence microscope (Leica MZ FLIII], To generate FI offspring, 
testes of transgenic FO Xenopus males were used to fertilize in vitro wild-type Xenopus 
eggs resulting in transgenic lines #452 and #465 expressing GFP/intact-Ac45, and 
lines #533 and #604  expressing GFP/cleaved-Ac45 specifically in the intermediate 
pituitary melanotrope cells.
Antibodies
The rabbit polyclonal antibody raised against the C-terminal region of Xenopus Ac45 
(1311-C) has been described previously (Holthuis et al., 1999). A rabbit polyclonal 
antibody raised against GFP was kindly provided by Dr. B. Wieringa (Cuppen et al.,
1999), and against POMC (ST62) (Berghs et al., 1997), V-ATPase subunit VXA (ST170) 
and subunit V^ E (ST173) (Yajima et al., 2007) by Dr. S. Tanaka (Shizuoka University, 
Japan). Monoclonal anti-tubulin antibody E7 has been described previously (Chu 
and Klymkowsky, 1989). The rabbit antiserum against Xenopus V-ATPase subunit V0a 
(ST205) was raised against a synthetic peptide comprising 14 amino acid residues 
located in the cytoplasmic domain of Xenopus V0-a with an additional cysteine at 
the N-terminus ( CMQTNQTPPTYNKTN). The rabbit antiserum against Xenopus V0d 
(ST200) was raised against a synthetic peptide comprising 13 amino acid residues 
located in the N-terminal part of Xenopus V-ATPase subunit V0d with an additional 
cysteine at the N-terminus (CVSVIDDKLKEKMV).
Cryosectioning and im m unohistochem istry
Brain-pituitary preparations were dissected from juvenile transgenic frogs and fixed 
in 4% paraformaldehyde in PBS. After cryoprotection in 10% sucrose-PBS, sagittal 
20 |mi cryosections were mounted on poly-L-lysine-coated slides and dried for 2 h 
at 45 °C. For immunohistochemistry, sections were rinsed for 30 min in 50 |iM Tris- 
buffered saline (pH 7.6) containing 150 |iM NaCl and 0.1% Triton X100 (TBS-TX). 
To prevent nonspecific binding, blocking was performed with 0.5 % BSA in TBS-TX. 
Sections were incubated with anti-POMC (ST62, 1: 2000) or anti-V-ATPase subunit 
VXA (ST170, 1:500) antibodies for 16 h at 37 °C in TBS-TX containing 0.5% BSA. 
After rinsing the slides with TBS-TX, a second antibody, Goat-anti-Rabbit-Alexa Fluor 
568 (Molecular Probes, Eugene, Oregon, USA) at a dilution of 1:100, was applied 
and sections were incubated for 1 h at 37 °C. Following an additional washing step, 
the sections were mounted in Mowiol (Sigma) containing 2.5% sodium azide and 
coverslipped. Immunofluorescence was viewed under a Leica DMRA fluorescence 
microscope and a Biorad MRC 1024 confocal laser scanning microscope.
Isolation o f  Xenopus in term edia te  p itu ita ry  m elanotrope cells and Western b lo t analysis 
Since the neural lobe contains substantial amounts of the Ac45 protein, we performed 
Western blot analysis on lysates of melanotrope cells isolated from neurointermediate 
lobes (NILs) to study the endogenous Ac45 protein level. The melanotrope cells were 
isolated from Xenopus NILs essentially as described previously (Holthuis etal., 1999), 
washed with XL15 medium, collected by centrifugation and lysed in lysis buffer (50 
mM Hepes pH 7.4 ,140  mM NaCl, 0.1% Triton-XlOO, 1% Tween 20, 2% CHAPS, 1 m g/ 
ml deoxycholate, 1 |iM phenylmethylsulfonyl fluoride (PMSF), 0.1 m g/m l soy bean
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trypsin inhibitor). Total protein content of the cell lysates was measured using the 
Micro BCA™ Protein Assay kit (Pierce, Rockford) according to the manufacturer’s 
prescription. 10 ng of protein lysate was incubated in the presence or absence of 
N-glycosidase F (Roche Diagnostics, Mannheim) before loading on 10 % SDS-PAGE. 
Western blots were incubated with an anti-Ac45 antibody (anti-X1311-C, 1:5000 ),an  
anti-GFP antibody (1:5000 ), anti-V-ATPase subunit V ^ , V ^, VQa and VQd antibodies 
(1:2000, ST170, ST173, ST205 and ST205, respectively), anti-POMC (1:10000, ST62) or 
anti-tubulin (1:100, monoclonal antibody E7 ) and secondary peroxidase-conjugated 
Goat-anti-rabbit antibody followed by chemoluminescence. Signals were detected and 
quantified using a Bioimaging system with Labworks 4.0 software (UVP Bioimaging 
systems, Cambridge, UK). For confocal laser scanning microscopy (CLSM) and patch- 
clamp experiments, the isolated melanotrope cells were cultured on cover slips.
M etabolic cell labeling and im m unoprécipita tions
For radioactive labeling of newly synthesized proteins, freshly isolated Xenopus 
NILs were pre-incubated for 10 min in Ringer’s medium containing 0.3 m g/m l BSA 
(Ringer’s/BSA), then incubated in Ringer’s/BSA containing 1.7 mCi/ml Tran35S label 
(MP Biomedicals) for indicated time periods and subsequently chased in Ringer’s /  
BSA or Xenopus L15 medium supplemented with 0.5 mM L-methionine. Lobes were 
lysed in 100 1^ lysis buffer without CHAPS, and lysates were cleared by centrifugation 
(13.000 g, 7 min) and directly analysed by SDS-PAGE. For immunoprécipitations, 
lysates were supplemented with 0.08% SDS and incubated with the anti-GFP (1:500) 
or the anti-Ac45 (anti-X1311-C , 1:500). Immune complexes were precipitated with 
protein-A Sepharose (Amersham Pharmacia Biotech), analyzed by SDS-PAGE and 
visualized by fluorography.
Cm m easurem ents
Membrane capacitance (Cm) measurements were performed in the whole-cell 
configuration of the patch-clamp technique using a computer-based patch-clamp 
amplifier (EPC-9) controlled by Pulse software, V. 8.63 (HEKA, Lambrecht/Pfalz, 
Germany) (Scheenen et al., 2003). Data were filtered by a Bessel filter set at 12.9 
kHz. Patch pipettes were pulled from Wiretrol II glass capillaries (Drummond 
Scientific, Broomall, PA, USA) using a PP-83 pipette puller (Narishige Scientific 
Instrument Laboratories, Tokyo, Japan), and had a resistance between 3 and 5 
MQ after polishing. The external solution contained 93 mM TEAC1, 5 mM CsCl, 2 
mM MgCl2, 2 mM CaCl2, 10 mM glucose and 15 mM HEPES, adjusted to pH 7.4 with 
TEAOH. The internal solution contained 112 mM CsCl, 1.8 mM MgCl2, 2 mM MgATP, 
0.1 mM EGTA and 10 mM HEPES, adjusted to pH 7.2 with CsOH. The sampling rate 
of Ca2+-currents was 2,500 Hz. Cm was measured in the ‘sine+dc’ mode of the lock- 
in extension of the Pulse software, based on the Lindau-Neher algorithm (Lindau 
and Neher, 1988) using an 800-Hz, 40-mV peak-to-peak sinusoid stimulus. After 
the whole-cell configuration was established, Cm was recorded and cancelled by 
the automatic capacitance compensation of the EPC-9. The procedure was repeated 
every 60 s (Cslow-update of the EPC-9 amplifier) to prevent saturation of the lock-in 
signal (Lindau and Neher, 1988). In order to avoid any possible artifacts in the Cm 
trace induced by the membrane conductance, the first 50 ms of the Cm trace were 
not taken into account.
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(Immuno)EIectron m icroscopy
Xenopus NILs were freshly dissected, fixed, osmicated, dehydrated and embedded in 
Epon 812. Ultrathin sections were cut, double-contrasted with uranyl-acetate/lead- 
citrate and photographed using a transmission microscope (JEOLIOIO). For freeze 
substitution and low-temperature embedding, the tissue was rapidly frozen by a 
Leica electron microscopy (EM) High-Pressure Freezing system (Leica Microsystems) 
followed by freeze substitution. The tissue was then immersed in acetone containing 
0.5% uranyl acetate as fixing agent at -90°C. The temperature was raised stepwise to 
-45°C and the tissue was then infiltrated with Lowicryl HM20. Thin sections were cut 
and mounted on one-hole nickel grids coated with a formvar film.
For postembeddingimmunohistochemistry, ultrathin Lowicryl sections were washed for 
10 min in phosphate buffered saline (PBS, pH 7.4) containing 0.1% sodium borohydride 
and 50 mM glycine, and for 10 min in PBS containing 0.5% BSA and 0.1% cold fish 
skin gelatine (PBG). For immunolabeling, sections were incubated overnight at 4°C in 
drops of PBG containing anti-GFP (1:500), anti-POMC (ST62; 1:15000) or anti-V-ATPase 
subunitV^A, VtE, V0a and V0d antibodies (ST170, ST173, ST205 and ST200, respectively; 
1:50). Sections were washed for 2 0 min in PBG, incubated with protein A-labeled 10 nm 
gold markers, washed in PBS and postfixed with 2.5% glutaraldehyde in PB for 5 min 
to minimize loss of gold label during the contrasting steps. After washing with distilled 
water, sections were contrasted in uranyl acetate and studied using a Jeol transmission 
electron microscopy (TEM) 1010 electron microscope.
Statistics
Data are presented as means ± SEM. Statistical evaluation was performed using an 
unpaired Student’s t-test.
Results
Generation o f  stab le  transgenic Xenopus laevis expressing a GFP/intact-Ac45 or GFP/ 
cleaved-Ac45 fusion protein  specifically in the in term edia te p itu ita ry  m elanotrope cells
In vivo, intact Xenopus Ac45 (~62 kDa) is proteolytically processed to an ~  40 kDa 
cleaved C-terminal fragment (Holthuis et al., 1999; Schoonderwoert et al., 2002); the 
mammalian ~45-kDaAc45 protein that was originally isolated from secretory granules 
corresponds to the cleaved C-terminal fragment (Supek et al., 1994). To study the 
function of Ac45, we generated stable transgenic Xenopus laevis lines expressing intact 
or cleaved Xenopus Ac45 fused to the green fluorescent protein GFP. A Xenopus POMC- 
gene promoter fragment (Jansen et al., 2002) was used to drive transgene expression 
specifically to the intermediate pituitary melanotrope cells (Fig. 1A). Fluorescence 
was exclusively detected in the intermediate pituitary from developmental stage-40 
onwards and no difference was observed between transgenic and wild-type tadpoles 
regarding the development of the pituitaries. Embryos were further cultured and 
stage-45 living embryos could be readily screened for fluorescent protein expression 
in the pituitary by direct visual inspection under a fluorescence microscope (Fig. IB).
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Figure 1. Generation of transgenic Xenopus laevis with expression of GFP/ 
intact-Ac45 or GFP/cleaved-Ac45 specifically in the intermediate pituitary 
melanotrope cells. (A] Schematic representation of the linear injection 
fragments used to generate transgenic Xenopus-. pPOMC(A]2+-SP-GFP/intact- 
Ac45 (tg-i] and pPOMC(A]2+-SP-GFP/cleaved-Ac45 (tg-c] with the POMC-gene A 
promoter fragment (pPOMC], the regions encodingthe GFP/intact-Ac45 or GFP/ 
cleaved-Ac45 fusion protein and the SV40 polyadenylation signal (SV40 pA]. SP: 
signal peptide; CS: cleavage site; TM: transmembrane region. (B] Transgenic 
stage-45 Xenopus tadpoles from lines #452 and #465 expressing GFP/intact- 
Ac45 and lines #533 and #604 expressing GFP/cleaved-Ac45 specifically in the 
intermediate pituitary (white arrow]. E: eye; G: gut. (C] Sagittal brain-pituitary 
cryosections of wild-type (wt), GFP/intact-Ac45-transgenic (tg-i] and GFP/ 
cleaved-Ac45-transgenic (tg-c] Xenopus. Transgene expression (green] was 
detected by direct fluorescence microscopy and endogenous POMC expression 
(red] by immunostaining with an anti-POMC antibody. All images were merged 
with bright-field captures, allowing visualization of the morphology of the 
pituitaries. NL: neural lobe, IL: intermediate lobe, AL: anterior lobe. (D] Direct 
CLSM on live melanotrope cells isolated from intermediate lobes expressing GFP/ 
intact-Ac45 (#452] or GFP/cleaved-Ac45 (#533]. The intact-Ac45 transgene 
product was localized mainly to the ER, whereas the cleaved-Ac45 transgene 
product was localized mainly to the plasma membrane. Note that in the active 
melanotrope cells the ER is situated near the plasma membrane (Van Herp et 
al., 2005]. Bar equals 5|im. (E] Immunogold labeling of ultra-thin sections of 
transgenic melanotrope cells with the anti-GFP antibody in combination with 
10-nm protein-A gold showing the absence of GFP/intact-Ac45 (tg-i, #452] 
and the presence of GFP/cleaved-Ac45 (tg-c, #533] at the plasma membrane. 
Arrows indicate the plasma membrane of the cells. Bars equal 100 nm.
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Figure 2. Expression of the GFP/intact-Ac45 and GFP/cleaved-Ac45 
transgene products in the Xenopus intermediate pituitary melanotrope 
cells. (A] Western blot analysis of GFP/intact-Ac45 (i] and GFP/cleaved-Ac45 
(c] fusion protein expression in the neurointermediate lobe (NIL] and the 
anterior lobe (AL] of wild-type (wt] and transgenic (tg] Xenopus using an anti- 
Ac45-C or an anti-GFP antibody. The ~28kDa protein detected by the anti-GFP, 
but not the anti-Ac45-C, antibody presumably represents the stable GFP moiety 
of trimmed fusion protein. (B] Analysis of newly synthesized proteins produced 
in NILs from wt and Ac45-transgenic Xenopus. NILs were pulse labeled for 2 
h and 10% of the total NIL lysates was directly analyzed (lanes 1-3], whereas 
the remainder was immunoprecipitated using the anti-Ac45-C (lanes 4-6] or the 
anti-GFP (lanes 7-9] antibody and proteins were visualized by autoradiography.
In vitro fertilization with sperm derived from testes of transgenic Xenopus males 
resulted in two independent stable transgenic Xenopus FI lines expressing GFP/ 
ntact-Ac45 (lines #452 and #465) and two independent stable transgenic FI lines 
expressing GFP/cleaved-Ac45 (lines #533 and #604).
Direct fluorescence microscopy on cryosections of pituitaries of adult transgenic 
FI animals clearly showed that the transgene expression was exclusively in the 
intermediate pituitary melanotrope cells, shown by co-localization with the main 
melanotrope secretory cargo protein POMC (Fig. 1C). CLSM and EM revealed 
that in both #452- and #465-transgenic melanotrope cells the GFP/intact-Ac45 
transgene product was localized mainly to the ER, indicating that the protein was 
not efficiently transported through the secretory pathway. In contrast, in both #533- 
and #604-transgenic cells the GFP/cleaved-Ac45 transgene product was localized 
primarily to the plasma membrane of the melanotrope cells (Fig. ID). Immuno- 
EM using an anti-GFP antibody confirmed the absence of GFP/intact-Ac45 and the
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presence of GFP/cleaved-Ac45 at the plasma membrane (Fig. IE). Lines #452 and 
#533 were selected for the further analysis of melanotrope cells expressing GFP/ 
intact-Ac45- and GFP/cleaved-Ac45, respectively.
To study the steady-state transgenic protein expression levels, we isolated both the 
neurointermediate lobe (NIL) and the anterior lobe (AL) of the pituitary. Western 
blot analysis of the NIL lysates from wild-type animals using an anti-Ac45-C antibody 
showed an ~40-kDa product representing the endogenous Ac45 protein (Fig. 2A). In 
the GFP/intact-Ac45 transgenic NIL lysates, an ~90-kDa protein corresponding to the 
GFP/intact-Ac45 transgene fusion product was detected by both an anti-GFP and the 
anti-Ac45-C antibody. Only a minor portion of this product was cleaved to an ~50- 
kDa protein representing the N-terminal part of GFP/intact-Ac45. The GFP/cleaved- 
Ac45 transgene product was found as an ~70-kDa product. No transgene products 
were found in the lysates of the AL, illustrating the melanotrope cell specificity of the 
POMC-gene promoter fragment (Fig. 2A).
To study the biosynthesis of the transgene products, we performed metabolic cell 
labeling experiments in combination with immunoprecipitations using the anti-GFP 
or the anti-Ac45-C antibody. Analysis of the NILs transgenic for GFP/intact-Ac45 
revealed the biosynthesis of an ~90-kDa newly synthesized GFP/-intact Ac45 fusion 
protein, whereas labeling of the GFP/cleaved-Ac45 transgenic NILs showed an ~ 70  
kDa newly synthesized GFP/cleaved-Ac45 product (Fig. 2 B). These newly synthesized  
proteins were recognized by both antibodies and corresponded to the major steady- 
state transgene products (Fig. 2A). Following a 30-min pulse and 8-hour chase period 
only a minor portion of the 90-kDa newly synthesized GFP/intact-Ac45 fusion protein 
was cleaved (data not shown), suggesting that the rate of endoproteolytic processing 
of the intact Ac45-transgene product was low. Although the presence of the low  
amount of cleaved Ac-45 transgene product may be due to an insufficient availability 
of the Ac45 endoprotease, the cleavage rate of endogenous Ac45 has been found to be 
remarkably low  as well (Schoonderwoert et al., 2002).
Together, the microscopy, Western blot and biosynthetic studies revealed that the 
GFP/intact-Ac45 fusion protein was inefficiently transported and poorly cleaved, 
whereas the GFP/cleaved-Ac45 transgene product was efficiently transported to the 
plasma membrane. For our functional studies, we decided to focus on the transgenic 
line expressing the GFP/cleaved-Ac45 transgene product (hereafter referred to as the 
Ac45-transgene product), because this product corresponds to the predominant form 
of endogenous Ac45 (cleaved Ac45) that is also transported to the late stages of the 
secretory pathway (Supek et al., 1994).
Excess Ac45 displaces endogenous Ac45 bu t does n ot affect the levels o f  POMC and  
V-ATPase subunits A and E
Western blot analysis using the anti-Ac45-C antibody revealed that in the transgenic 
melanotrope cells the amount of the Ac45-transgene product was ~10-fold  higher 
than the endogenous Ac45 protein level in wild-type cells, whereas the transgenic cells 
were devoid of endogenous Ac45 (Fig. 3A). Using anti-V-ATPase VXA and Vt E subunit 
antibodies, similar steady-state expression levels for these V-ATPase subunits were 
found in wild-type and the Ac45-transgenic cells (Fig. 3B). Antibodies raised against 
synthetic peptides corresponding to regions within Xenopus V-ATPase subunits V0a
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and V0d did not recognize the endogenous V-ATPase subunits. In the wild-type and 
transgenic cells, similar steady-state levels of the main melanotrope cargo protein 
POMC were detected (Fig. 3C). We conclude that in the transgenic melanotrope cells 
the exogenous Ac45 effectively displaced endogenous Ac45 but did not affect the 
expression level of the endogenous V-ATPase nor of POMC.
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Figure 3. Excess Ac45 displaces the endogenous Ac45 protein but does 
not affect the expression levels of the endogenous V-ATPase subunits 
VtA and VtE, and of POMC in the transgenic Xenopus melanotrope cells.
(A] Western blot analysis of total proteins (10 ng] isolated from wild-type 
and Ac45-transgenic melanotrope cells using the anti-Ac45-C antibody. Since 
the Ac45 protein is more readily detected when deglycosylated, proteins were 
treated without (-] or with (+] N-glycosidase-F prior to Western blotting. 
Deglycosylated proteins are indicated with an asterisk. Note that the transgenic 
melanotrope cells are devoid of endogenous Ac45. (B] Western blot analysis of 
total proteins (20 ng] isolated from wild-type and Ac45-transgenic melanotrope 
cells using antibodies directed against the V-ATPase subunit VjA, the V-ATPase 
subunit VjE and tubulin. The anti-V-ATPase E antibody recognizes two forms 
of the V-ATPase subunit E (Yajima et al., 2007]. (C] Western blot analysis of the 
protein equivalent of 0.5 wild-type and 0.5 Ac45-transgenic NIL using an anti- 
POMC and an anti-tubulin antibody.
Excess Ac45 affects the subcellu lar localization o f  the endogenous V-ATPase
We next wondered about the subcellular localization of the Ac45-transgene product 
and of the endogenous V-ATPase. Direct CLSM on cryosections of the Ac45-transgenic 
NIL showed the presence of the transgene product at the plasma membrane (Fig. 4 
E and K], in line with our observation in cultured transgenic melanotrope cells (Fig. 
ID), whereas no fluorescence was observed in the wild-type melanotrope cells (Fig. 
4B and H). To localize the endogenous V-ATPase, cryosections of wild-type and Ac45- 
transgenic NILs were immuno-stained with the anti-V-ATPase subunit VXA antibody. In 
the wild-type cells, the V-ATPase subunit VXA was localized to cytoplasmic structures 
and not at the plasma membrane (Fig. 4A). In contrast, in the Ac45-transgenic cells
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Figure 4. Excess Ac45 affects the localization of the endogenous V-ATPase 
but does not affect POMC localization. Immunohistochemistry on sagittal 
brain-pituitary cryosections of wild-type (wt] Xenopus using anti-V-ATPase VtA 
subunit antibodies revealed a punctuate cytoplasmic staining with no signal atthe 
plasma membrane of the melanotrope cells (A], whereas in the Ac45-transgenic 
(tg] cells the localization of V-ATPase VtA was predominently at the plasma 
membrane (D), colocalizing with the Ac45-transgene product (F). Sagittal brain- 
pituitary cryosections of wt and tg Xenopus showed direct GFP fluorescence 
solely in the Ac45-transgenic cells and localized at the plasma membrane of the 
melanotrope cells (compare B, H with E, K). Immunohistochemistry with anti- 
POMC antibodies revealed similar granular POMC localization in both wt and tg 
cells (compare G and J] and no co-localization of POMC with the Ac45-transgene 
product was found (L).
virtually no cytoplasmic staining was observed and VtA was detected at the plasma 
membrane (Fig 4D], largely co-localizing with the Ac45-transgene product (Fig.
4F], Thus, the localization of the V-ATPase subunit VXA was clearly different in the 
wild-type and Ac45-transgenic cells. The localization of the main melanotrope cargo 
protein POMC was comparable in the wild-type and transgenic cells (Fig. 4 G-L],
We then studied the localization of the Ac45-transgene product and the endogenous 
V-ATPase by immuno-EM. Using an anti-GFP antibody, the Ac45-transgene product 
was found to be localized to Golgi structures (Fig. 5B], secretory granules (Fig. 5C] 
and, in line with our confocal fluorescence microscopy data (Fig. ID and Fig. 4 E, K], 
predominantly at the plasma membrane and preferentially in microvilli (Fig. 5A] that 
were induced in the transgenic cells (see below). Application of the anti-V-ATPase 
subunit VXA, V E, V0a and V0d antibodies revealed that in wild-type cells the V-ATPase
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subunits were mainly localized in the cytoplasm and partially associated with 
vesicular structures, whereas virtually no label was found at the plasma membrane 
(Fig. 5D-G], In contrast, in the Ac45-transgenic melanotrope cells m ost of the label 
was observed in the microvillar structures at the plasma membrane and thus the 
endogenous V-ATPase subunits V^ A, V t E, V0a and V0d were colocalized with the Ac45- 
transgene product at the surface of the transgenic cells (Fig. 5 H-K],
From our immunofluorescence and immuno-EM data, we conclude that excess Ac45 
shifted the majority of the endogenous V-ATPase towards the plasma membrane.
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Figure 5. Excess Ac45 shifts the localization of the endogenous V-ATPase 
to microvillar plasma membrane structures in the transgenic Xenopus 
melanotrope cells. (A] to (C] Immunogold labeling of ultra-thin sections of Ac45- 
transgenic (tg] melanotrope cells with the anti-GFP antibody in combination with 
10-nm protein-A gold. Immunoreactivity was found in the microvillar extensions 
of the plasma membrane (A), the Golgi (B] and secretory granules (C], (D] to (K] 
Immunogold labeling of ultra-thin sections of wild-type (wt] and tg melanotrope 
cells using anti-VATPase subunit VjA, VjE, V0a and V0d antibodies in combination 
with 10-nm protein-A gold. In wt cells, the label was mainly found in the ER 
and the cytoplasm (D-G), whereas in the tg cells the antibodies reacted with 
the microvillar extensions of the plasma membrane (H-K], Arrows indicate the 
plasma membrane of the wt cells. Bars equal 100 nm.
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Excess Ac45 increases the num ber o f  dense-core secretory granules and affects plasm a  
m em brane m orphology
We then performed TEM to study any morphological changes in the Ac45-transgenic 
melanotrope cells. Whereas the ultrastructure of a number of secretory pathway 
compartments, such as ER, Golgi and the immature dense-core secretory granules, was 
not affected in the transgenic cells (Fig. 6C, E], the number of immature dense-core 
granules per cell plane was significantly increased compared to that in wild-type cells 
(wt: 27.9 ± 3 .4 /100  |.im2 cytoplasmic area, n=10, tg: 60.4 ± 7 .7 /100  |.im2 cytoplasmic 
area, n=10, p< 0.01). Immuno-EM using an anti-POMC antibody (Berghs et al., 1997), 
revealed that in the Ac45-transgenic cells all immature secretory granules contained 
the prohormone (Fig. 6G). Furthermore, the Ac45-transgenic intermediate pituitaries 
were characterized by intercellular spaces that were not observed in the wild-type 
pituitaries (Fig. 6A, B). Moreover, in contrast to wild-type cells, the transgenic cells 
contained elaborate microvillar extensions of the plasma membrane that reached 
into the intercellular spaces (Fig. 6D, F). Together, our EM study showed that the 
ultrastructure of the Ac45-transgenic melanotrope cells was characterized by an 
increased number of immature, POMC-containing dense-core secretory granules and 
protrusions of the plasma membrane.
Excess Ac45 increases the secretion efficiency o f  the m elanotrope cells
Since, as for other regulated secretory cells, in melanotrope cells the Ca2+-influx is 
directly coupled to the efficiency of exocytosis (Scheenen et al., 2003; Tse and Lee,
2 0 0 0 ) , we decided to study the direct relationship between Ca2+-influx and peptide 
secretion efficiency in the Ac45-transgenic cells. For this purpose, we determined the 
change in membrane capacitance (DCm) as a result of Ca2+-charge (QCJ  upon induced 
membrane depolarizations in the whole-cell voltage-clamp patch-clamp mode. The 
wild-type (wt) and Ac45-transgenic (tg) melanotrope cells displayed comparable 
initial membrane capacitances (wt: 12.5 + /- 0.91 pF, n=10 vs tg: 10.9 + /- 0.75 pF, 
n=13) and similar Ca2+-charges during a 50-ms depolarization from a DC holding 
potential of -80 mV to 0 mV (wt: 8.4 + /- 1.2 pC, n=10 vs tg: 8.1 + /- 1.1 pC, n=13). 
Following such a single depolarizing pulse, the membrane capacitances of the wild- 
type and Ac45-transgenic cells increased as a result of vesicle fusion with the plasma 
membrane (Fig. 7A). In order to normalize for cellular variability in QCa, we calculated 
the secretion efficiency (DCm/Q . ) in which the increase in membrane capacitance is 
directly correlated with the induced Ca2+-charges (Scheenen et al., 2003). Remarkably, 
following the single-pulse protocol the wild-type cells displayed a DCm/QCa of 3.4 
± 0.32 fF/pC (n=10), whereas the Ac45-transgenic melanotrope cells showed a 
significantly (2-fold) higher secretion efficiency (6.8 ± 0.63 fF/pC, n=13, p< 0.001, 
fig. 7A). We next applied a double-pulse protocol in which two 50-ms depolarizations 
were applied with a 200-m s interval. In wild-type melanotrope cells, this double-pulse 
protocol resulted in a larger increase of the membrane capacitance when compared 
to that following a single pulse, which was mainly determined by the occurrence of 
a slow, ~ 1  s-long increase in membrane capacitance after the second pulse. In the 
Ac45-transgenic cells, the double-pulse-induced increase in membrane capacitance 
was greatly enhanced compared to that in the wild-type cells, again largely due to the
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Figure 6. The ultrastructure of the Ac45-transgenic Xenopus melanotrope 
cells is affected. Electron micrographs of intermediate pituitaries from wild- 
type (wt. A] and Ac45-transgenic (tg, B] animals. Intercellular spaces in the Ac45- 
transgenic intermediate pituitary are indicated with an asterisk. Bars equal 10 
|im. (C] to (F] Electron micrographs of wt and tg melanotrope cells showing 
intracellular organelles such as nucleus (n], endoplasmic reticulum [ER], Golgi 
apparatus (g], secretory granules (sg] and plasma membrane (indicated with a 
dotted line]. Microvillar extensions of the plasma membrane of tg melanotrope 
cells reaching into the intercellular spaces (F). Bars equal 1 |im. (G] Immunogold 
labeling of ultra-thin sections of the tg melanotrope cells with the anti-POMC 
antibody in combination with 10-nm protein-A gold. Immunoreactivity is 
restricted to the dense-core secretory granules (see arrows]. Bar equals 200 nm.
slow increase after the second pulse (Fig. 7B). The calculated secretion efficiency of 
the wild-type cells was 4.4 ± 0.38 fF/pC (n=10), whereas the Ac45-transgenic cells 
showed a 3.4-fold (p<0.001) higher DCm/QCa (14.9 ± 2.3 fF/pC , n=13) (Fig. 7B). We 
then determined the constitutive, Ca2+- influx-independent secretion by measuring 
changes in membrane capacitance during a 30-s period in which no membrane 
depolarization was given. The Ca2+-independent increase in membrane capacitance 
was found to be similar in both cell lines: 83.3 ± 2.2 fF/min in wild-type cells and 
83.1 ± 1.3 fF/min in Ac45-transgenic cells. Taken together, these results indicate that
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excess Ac45 did not affect Ca2+-independent exocytosis but rather increased the Ca2+ 
dependent secretion efficiency of the transgenic Xenopus melanotrope cells.
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Figure 7. The secretion efficiency is increased in the Ac45-transgenic 
Xenopus melanotrope cells. (A] Left: a single 50-ms depolarizing pulse (Vh] 
on wild-type (wt] and Ac45-transgenic (tg] melanotrope cells in the whole-cell 
voltage-clamp patch-clamp mode resulted in a Ca2+-current (ICJ. Prior to, and 
up to 1 sec after the depolarizing pulse the membrane capacitance (Cm] was 
measured. Right: Quantification of the secretion efficiency (DCm/QcJ of the 
wild-type (n=10] and the Ac45-transgenic (n=13] melanotrope cells following 
the single pulse protocol. (B] Left: Two 50-ms depolarizing pulses were applied 
with a 200-ms interval, resulting in two similar Ca2+-currents and a further raise 
in membrane capacitance. Right: quantification ofthe secretion efficiency (DCm/ 
QCa] ofthe wild-type (n=10] and the Ac45-transgenic (n=13] melanotrope cells 
following the double pulse protocol. Shown are the means ± SEM. Significant 
differences are indicated by *** (p< 0.001].
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Discussion
In this study, we explored the role of the intact and cleaved form of the type I 
transmembrane V-ATPase accessory subunit Ac45 in the strictly regulated Xenopus 
intermediate pituitary melanotrope cells. For this purpose, we employed stable 
Xenopus laevis transgenesis and used a Xenopus POMC-gene promoter fragment to 
drive Ac45-transgene expression specifically to the melanotrope cells. The rate of 
cleavage of the intact Ac45-transgene product was low, in line with the relatively low  
cleavage rate of endogenous Ac45 (Schoonderwoert et al., 2002). This intact Ac45- 
transgene product was localized mainly to the ER of the transgenic cells. In contrast, 
the cleaved Ac45-transgene product was predominantly situated at protrusions 
of the plasma membrane, indicating that it was efficiently transported through the 
secretory pathway. EM studies showed that intact-Ac45 expressing melanotrope 
cells (line #452) were indistinguishable from wild-type melanotrope cells and no 
protrusions were induced at the plasma membrane of these transgenic cells and no 
intercellular spaces were found between the transgenic cells (data not shown). Thus, 
cleavage of the Ac45 protein is apparently a prerequisite for its transport from ER 
to plasma membrane and the induction of the microvillar structures at the plasma 
membrane. Furthermore, the cleaved form represents the naturally occurring Ac45 
associated with the V-ATPase in the late secretory pathway (Supek et al., 1994) We 
therefore focused on the analysis of the transgenic melanotrope cells expressing the 
cleaved Ac45-transgene product.
Our transgenic approach resulted in an ~10-fold steady-state excess of cleaved 
Ac45. The level of the newly synthesized endogenous Ac45 protein produced in the 
transgenic melanotrope cells was not affected (our unpublished observation), but the 
excess of Ac45 effectively displaced the endogenous Ac45 protein. The mechanism  
underlying the apparent removal of the endogenous Ac45 protein is at present 
unclear. Such a displacement event is however not unique since in transgenic Xenopus 
melanotrope cells expressing a p24S2-GFP or a p 2 4 a 3-GFP fusion protein all members 
of the endogenous type I transmembrane p24 protein family of putative ER-to-Golgi 
cargo receptors were effectively displaced by the transgene product as well (Bouw 
et al., 2004; Strating et al., 2007). Interestingly, whereas the transgenic manipulation 
did not affect the expression levels of POMC and the V-ATPase V subunits A and E, the 
excess of Ac45 caused a shift in the subcellular localization of the V-ATPase, namely 
preferentially to microvillar plasma membrane structures that were induced in the 
transgenic cells. The fact that the protrusions contained the majority of both the 
Ac45-transgene product and the V-ATPase V and V0 subunits indicated that the excess 
of Ac45 led to an efficient trafficking of the V-ATPase to the plasma membrane (with
V presumably piggy backing on the V0 sector), apparently surpassing the capacity of 
V-ATPase endocytosis. It is at present unclear whether the excess of Ac45 also affected 
the endocytotic process.
We then examined theeffectofexcessAc45andoftheresultingpredom inantlocalization  
of the V-ATPase system at the plasma membrane on the functioning of the transgenic 
Xenopus melanotrope cells. At the ultrastructural level we found a significantly higher 
number of immature secretory granules in the Ac45-transgenic melanotrope cells. 
Thus, excess Ac45 apparently provided an attractive microenvironment for the
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formation of immature secretory granules, a process that is known to be favored by a 
low  pH in the TGN (Chanat and Huttner, 1991; Taupenot et al., 2005). Furthermore, we 
performed patch-clamp experiments in the whole-cell voltage-clamp mode to study 
in an effective way the secretion efficiency of the transgenic melanotrope cells (the 
direct link between influx of Ca2+ and exocytosis). The observed significantly higher 
secretion efficiency in the transgenic cells was for a large part due to an increase in 
the slow secretory phase that lasted up to ~1  s after the depolarization. This phase is 
commonly associated with secretory granules that are either positioned more distant 
from the Ca2+-channels, or are not docked and primed yet at the start of the Ca2+-influx 
(Engisch et al., 1997; Gillis et al., 1996; Stojilkovic, 2006). Interestingly, the effect of 
excess Ac45 was restricted to altering Ca2+-dependent secretion because the drift in 
membrane capacitance, reflecting Ca2+-independent exocytosis, was unaffected. We 
conclude that in the Ac45-transgenic cells only the regulated exocytotic machinery 
had been changed. Since we observed an increased number of secretory granules in 
the Ac45-transgenic cells, the augmented Ca2+-dependent secretion is presumably the 
result of the presence of a larger pool of releasable granules. The notion of an increased 
rate of Ca2+-dependent secretion is supported by our EM analyses that revealed, apart 
from the higher abundance of immature secretory granules, extensive protrusions of 
the plasma membrane, reflecting more efficient and accelerated exocytotic events in 
the Ac45-transgenic cells.
Collectively, our results indicated that Ac45 efficiently recruited the V-ATPase to 
the regulated secretory pathway, thereby acting as a modulator of the V-ATPase- 
mediated process of Ca2+-dependent regulated peptide secretion. Intriguingly, such 
a neuroendocrine role for Ac45 is in line with the results of a very recent study 
showing that in the ruffled apical membranes of active osteoclasts Ac45 is also 
involved in a V-ATPase-mediated process, namely bone resorption (Feng et al., 2008). 
In conclusion, our transgenic approach in a physiological context has provided for the 
first time functional data regarding the role of the V-ATPase accessory subunit Ac45 
in neuroendocrine cells and the control of the V-ATPase in the regulated secretory 
pathway.
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Abstract
The vacuolar (H']-ATPase (V-ATPase] is an important proton pump and multiple 
critical cell-biological processes depend on the proton gradient provided by the pump. 
Yet, the mechanism underlying the control of the V-ATPase is still elusive, but has 
been hypothesized to involve an accessory subunit of the pump. Here we studied as a 
candidate V-ATPase regulator the neuroendocrine V-ATPase accessory subunit Ac45. 
We transgenically manipulated the expression levels of the Ac45 protein specifically 
in Xenopus intermediate pituitary melanotrope cells and analyzed in detail the 
functioning of the transgenic cells. We found in the transgenic melanotrope cells the 
following: i] significantly increased granular acidification; ii] reduced sensitivity for 
a V-ATPase-specific inhibitor; iii) enhanced early processing of proopiomelanocortin 
[POMC] by prohormone convertase PCI; iv] reduced, neutral-pH-dependent cleavage 
of the PC2 chaperone 7B2; v) reduced 7B2-proPC2 dissociation and consequently 
reduced proPC2 maturation; vi) decreased levels of mature PC2 and consequently 
reduced late PO MC processing. Together, our results show that the V-ATPase accessory 
subunit Ac45 represents the first regulator ofthe proton pump and controls V-ATPase- 
mediated granular acidification that is necessary for efficient prohormone processing.
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Introduction
The vacuolar (H']-ATPase (V-ATPase] is a proton pump that is crucial for a wide 
variety of biological processes, such as bone resorption by osteoclasts (Xu et al.,
2007), maintenance of the acid-base balance by the renal alpha intercalated cells 
(Brown and Breton, 2000; Wagner et al., 2004), embryonic left-right patterning 
(Adams et al., 2006) and Wnt signaling during anterior-posterior patterning (Cruciat 
et al., 2010). Moreover, intracellular events such as membrane trafficking, receptor- 
mediated endocytosis, lysosomal hydrolysis, neurotransmitter uptake and -release, 
and prohormone processing also highly depend on a low  intraorganellar pH provided 
by the V-ATPase (Nishi and Forgac, 2002; Paroutis et al., 2004; Schoonderwoert and 
Martens, 2001).
Prohormone processing to peptide hormones occurs in the regulated secretory 
pathway via endoproteolytic cleavage at pairs of basic amino acid residues by 
the prohormone convertase 1 /3  (hereafter referred to as PCI) and prohormone 
convertase 2 (PC2) (reviewed by Hook et al., 2008). The maturation of the proform of 
PCI takes place in the ER (Zhou and Mains, 1994), whereas proPC2 maturation occurs 
later in the secretory pathway, namely in the more acidic trans-Golgi network (TGN) 
and secretory granules (Muller et al., 1997; Zhou and Mains, 1994). Furthermore, 
the regulation of proPC2 transport and maturation by its chaperone 7B2 (Barbero 
and Kitabgi, 1999; Mbikay et al., 2001) as well as the enzymatic activities of PCI and 
PC2 are highly dependent on the local intraorganellar pH (Anderson and Orci, 1988; 
reviewed by Schoonderwoert and Martens, 2001; Tanaka et al., 1997). Thus, correct 
prohormone processing is critically relying on the supply of the proper pH to the 
various subcompartments of the regulated secretory pathway, and therefore on the 
regulation of the V-ATPase.
At present, surprisingly little is known regarding the mechanism controlling the 
proton pump. A general mechanism of V-ATPase regulation may be represented by 
the coupling and uncoupling of its two main sectors (Beyenbach and Wieczorek, 
2006), namely the cytoplasmic V^sector responsible for energy delivery by ATP 
hydrolysis and the membrane-bound V0-sector that harbors the rotary mechanism  
to translocate protons across a membrane (reviewed by Jefferies et al., 2008). In the 
secretory pathway, the regulation and targeting of the pump has been hypothesized 
to be accomplished by an accessory subunit of the V-ATPase (Jansen et al., 2008; 
Schoonderwoert and Martens, 2001; Supek et al., 1994). The neuroendocrine- 
enriched type I transmembrane glycoprotein Ac45 is such a V-ATPase accessory 
subunit (Getlawi et al., 1996; Ludwig et al., 1998; Supek et al., 1994; reviewed by 
Xu et al., 2007). Interestingly, in Xenopus laevis intermediate pituitary melanotrope 
cells, Ac45 has been found to be coordinately expressed with the prohormone 
proopiomelanocortin (POMC) (Holthuis et al., 1995), suggesting an important role 
for this V-ATPase accessory subunit in the process of prohormone processing. Since 
this cell type can be activated in vivo  to produce large amounts of POMC simply by 
placing the animal on a black background (Holthuis et al., 1995; Jenks, 1993), the 
neuroendocrine Xenopus melanotrope cells represent an interesting model to study 
secretory pathway processes.
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To explore the regulation of the V-ATPase and the function of its accessory subunit 
Ac45, we combined the unique characteristics of the Xenopus melanotrope cell 
model with the genetic manipulation of melanotrope Ac45 expression. Since down- 
regulating gene expression is not possible in Xenopus (Dirks etal., 2003), we decided to 
apply melanotrope-specific Ac45 transgene overexpression. For the specific targeting 
of Ac45 transgene expression to the Xenopus melanotrope cells, we used a Xenopus 
POMC-gene promoter fragment (Jansen et al., 2002) and explored the effect of excess 
Ac45 on intragranular acidification and the V-ATPase-dependent process of POMC 
processing. We conclude that Ac45 is responsible for the targeting and regulation of 
the V-ATPase, thereby modulating prohormone processing in the regulated secretory 
pathway.
Material and Methods
Animals
Xenopus laevis were reared in the Xenopus facility of the Department of Molecular 
Animal Physiology (Central Animal Facility, Radboud University Nijmegen). For 
transgenesis experiments, adult female Xenopus laevis were directly obtained from 
South Africa (Africa Reptile Park, Muizenberg, South Africa). Experimental animals 
were adapted to a black background for at least three weeks with a light/dark cycle 
of 12 h. All animal experiments were carried out in accordance with the European 
Communities Council Directive 86/609/EEC  for animal welfare, and permits GGO 01- 
285 and RBD0166(H10) to generate and house transgenic Xenopus laevis.
Generation o f  Xenopus laevis stab ly  transgenic fo r  Ac45 fu sed  to  GFP 
In vivo, the 62-kDa Xenopus intact-Ac45 protein is proteolytically processed to 
~40-kDa cleaved-Ac45 (Holthuis et al., 1999; Schoonderwoert et al., 2002) that 
corresponds to the ~45-kDa Ac45 protein originally isolated from secretory granules 
(Supek et al., 1994). We have previously shown that transgenically expressed  
intact-Ac45 accumulates in the endoplasmic reticulum (ER) and does not affect the 
regulated secretory pathway (Jansen et al., 2008). In the present study, we generated 
two independent transgenic Xenopus lines, #533 and #604, expressing an excess of 
cleaved-Ac45 under the control o f a POMC gene promoter fragment (Jansen et al., 
2002), using methods previously described (Jansen et al., 2 0 0 8 ). In the melanotrope 
cells of the two transgenic lines, similar plasma membrane localizations of the GFP/ 
cleaved-Ac45 transgene products were observed. Given its higher melanotrope Ac45 
transgene expression level, line #533 was used for our detailed analyses.
Antibodies
Anti -Xenopus POMC (ST62, only recognizing the proform of POMC) (Berghs et al., 
1997) was kindly provided by Dr. S. Tanaka (Shizuoka University , Japan), anti-rat 
PCI 2B6 (Vindrola and Lindberg, 1992) and anti-rat 7B2 LSU13 (Lee and Lindberg, 
2008) by Dr. I. Lindberg (University of Maryland, USA), anti-mouse PC2 (Benjannet 
et al., 1992) by Dr. N. Seidah (IRCM, Canada), anti -Xenopus calnexin (Beggah and 
Geering, 1997) by Dr. K.Geering, University of Lausanne, Switserland). The anti-a- 
MSH polyclonal antibody was described previously (van Zoest et al., 1989).
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Cryosectioning and im m unohistochem istry
Brain-pituitary preparations were dissected from juvenile transgenic frogs and 
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4). After cryo 
protection in 10% sucrose-PBS, sagittal 20 |im cryo sections were mounted on poly- 
L-lysine-coated slides and dried for 2 h at 45 °C. For immunohistochemistry, sections 
were rinsed for 30 min in 50 |iM Tris-buffered saline (pH 7.6) containing 150 |iM 
NaCl and 0.1% Triton X100 (TBS-TX). To prevent nonspecific binding, blocking was 
performed with 0.5 % BSAin TBS-TX. Sections were incubated with anti-POMC (ST62, 
1: 2000) antibodies for 16 h at 37 °C in TBS-TX containing 0.5% BSA. After rinsing the 
slides with TBS-TX, a second antibody, Goat-anti-Rabbit-Alexa Fluor 568 (Molecular 
Probes, Eugene, Oregon, USA) at a dilution of 1:100, was applied and sections were 
incubated for 1 h at 37 °C. Following an additional washing step, the sections were 
mounted in Mowiol (Calbiochem, La Jolla, USA) containing 2.5% sodium azide and 
coverslipped. Immunofluorescence was viewed under a Leica DMRA fluorescence 
microscope.
M easurem ent o fin tragran u lar acidification
To study granular acidification, the DAMP method of Orci (Orci et al., 1986) was 
applied with slight modifications. After dissection, NILs of wild-type and transgenic 
Xenopus were pre-incubated for 60 min in Ringer’s/BSA. To test specificity of the 
procedure, control NILs were pre-incubated in Ringer’s/BSA containing 1 |iM 
bafilomycin A l (Sigma-Aldrich, St. Louis, MO, USA) and transferred to Ringer’s/BSA  
containing 60 |iM DAMP (Molecular Probes, Eugene, Oregon, USA), incubated for 2 h 
at 22 °C and fixed in Karnovsky’s Fixative (2% paraformaldehyde, 2% glutaraldehyde 
in phosphate buffer pH 7.4). The tissue was rapidly frozen and immersed in acetone 
containing 0.5% uranyl acetate as fixing agent at -90°C. The temperature was raised 
stepwise to -45°C and the tissue was then infiltrated with Lowicryl HM20 (Aurion, 
Wageningen, The Netherlands). Thin sections were cut and mounted on one-hole 
nickel grids coated with a formvar film. For postembedding immunohistochemistry, 
ultrathin Lowicryl sections were washed for 10 min in PBS containing 50 mM glycine, 
and for 10 min in PBS containing 0.5% BSA and 0.1% cold fish skin gelatine (PBG). For 
immunolabeling, sections were incubated overnight at 4°C in drops of PBG containing 
anti-DNP antibodies (1:100, Invitrogen Carlsbad USA). Sections were washed for 20 
min in PBG, incubated with protein A-labeled 10 nm gold markers, washed in PBS and 
postfixed with 2.5% glutaraldehyde in PB for 5 min to minimize loss of gold label during 
the contrasting steps. After washing with distilled water, sections were contrasted in 
uranyl acetate and studied using a Jeol transmission electron microscopy (TEM) 1010 
electron microscope. For quantification, gold particles in dense-core granules were 
counted and the surfaces of the granules were measured using the ImageJ free software 
package.
M etabolic cell labeling and im m uno-precipitations
For radioactive labeling of newly synthesized proteins, freshly isolated Xenopus NILs 
were pre-incubated for 10 min in Ringer’s medium (112 mM NaCl, 2mM KC1, 2 mM 
CaCl2, 15 mM Hepes pH 7.4, 2 m g/m l glucose 0.3 m g/m l BSA) containing 0.3 m g/m l 
BSA (Ringer’s/BSA), then incubated in Ringer’s/BSA containing 1.7 mCi/ml Tran35S 
label (MP Biomedicals) for indicated time periods and subsequently chased in 50
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|il Ringer’s/BSA supplemented with 0.5 mM L-methionine as described previously 
(Bouw et al., 2004; Strating et al., 2007; Strating and Martens, 2009; van Rosmalen 
and Martens, 2007). Chase incubations were in the absence or presence 0.25 |iM and 
0.5 |iM bafilomycin A1 .Lobes were lysed in 100 |il lysis buffer (50 mM Hepes pH 
7.4, 140 mM NaCl, 0.1% Triton-X100, 1% Tween-20, supplemented with Complete 
protease inhibitor mix (Roche Diagnostics), and lysates and media were cleared 
by centrifugation (13.000 g, 7 min) and directly analyzed by SDS-PAGE. The gel 
migration positions of 37-kDa POMC, 18-kDa POMC, the various PC2 forms and the 
GFP-Ac45 protein corresponded to those previously observed (Braks and Martens, 
1994; Holthuis et al., 1995; Jansen et al., 2008). POMC represents more than 80% of 
all newly synthesized melanotrope proteins (Holthuis et al., 1995) allowing its direct 
analysis (i.e. no need for immunoprécipitation).The amounts of newly synthesized 
37-kDa POMC and 18-kDa POMC were quantified by a Phosphoimager (Biorad) and 
the degree of POMC processing was determined by calculating the ratio of 18-kDa 
to 37-kDa POMC (n=3), taking into account the number of methionine and cysteine 
residues in the proteins. The amount of secreted 18-kDa POMC was calculated relative 
to newly synthesized actin (n=3) (van Rosmalen and Martens, 2007).
To keep PC2 in the pro-form during the native immuno-precipitation procedure, the 
pH of the lysis buffer was raised to pH 8.2. For direct 7B2 immuno-precipitation, the 
pH of the buffer was pH 7.4. Immune complexes were precipitated with protein-A 
Sepharose (Amersham Biosciences, Uppsala, Sweden), analyzed by SDS-PAGE and 
visualized by fluorography. The immunoprecipitated pro- and mature forms of PC2 
(n=4), and pro- and mature forms of 7B2 (n=4) were quantified by densitometric 
scanning of the autoradiographs and ratio calculations were performed taking into 
account the number of methionine and cysteine residues in the proteins.
Western b lo t analysis
Freshly dissected NILs were homogenized in 100 |il lysis buffer and 20% of the 
lysates was denatured, separated on SDS-PAGE and transferred to nitrocellulose or 
PVDF membrane. Following blocking, blots were incubated with anti-POMC (ST-62, 
1:10.000), anti-PC2 (1:3000), anti-PCI (1:1000) or anti-calnexin (1:10.000) rabbit 
antisera and with secondary peroxidase-conjugated Goat-anti-rabbit antibody 
followed by chemoluminescence. Signals were detected and quantified using a 
Bioimaging system with Labworks 4.0 software (UVP Bioimaging systems, Cambridge, 
UK). Calnexin was used as a reference since expression levels of this protein were 
unaffected by our transgenic manipulations (van Rosmalen and Martens, 2007 and 
our unpublished observations).
Superfusion and a-MSH radioim m unoassay
NILs were isolated from wild-type and Ac45-transgenic Xenopus and transferred to 
Ringer’s solution in super fusion chambers. The NILs were then superfused in Ringer’s 
supplemented with 1 |.ig/ml ascorbic acid at a rate of 30 |.il/min. 7.5-min fractions were 
collected and stored on ice. Fifty |il of each fraction was used in an a-MSH RIA (van 
Zoest et al., 1989). In short, I125 labeled a-MSH (10.000 cpm /100 |.il) was diluted in 90 
ml VAT-buffer (0.02 M Veronal, 0.2 g/1 sodium azide, 0.3% BSA, 100 IU/ml trasylol, 
pH 8.6) and rabbit a-MSH antiserum L9 (1:6000) (van Zoest et al., 1989) in 180 ml 
VAT buffer and pooled (RIAmix). Fifty |il of each superfusion fraction was incubated
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with 450 |il RIAmix for 48 hours at 4°C. An a-MSH standard dilution series (100 pg/  
|il to 0 pg/|_il] was included. Reactions were stopped by adding 1 ml precipitation mix 
(30% polyethylene glycol, 4.8% chicken egg albumin), mixed and pelleted (20 min., 
4000 rpm, Jouan CR4.11 with an E4 swingout rotor, 4°C). Radioactivity was measured 
using a 2 Clinigamma counter (LKB Wallac). Two independent experiments, n=4 wt 
NILs, n=4, Ac45-transgenic NILs, per experiment were performed. Following the 
superfusion experiment, NILs were recovered, homogenized in lysis buffer and the 
lysates were subjected to Western blot analysis with anti-calnexin antibodies to 
measure the relative amounts of melanotrope cells.
Statistics
Data are presented as means ± SEM. Statistical evaluation was performed using an 
unpaired Student’s t-test.
Results
Generation o f  transgenic Xenopus laevis expressing excess Ac45 specifically in the 
in term edia te p itu ita ry  m elanotrope cells
We performed stable Xenopus transgenesis using a 529-bp fragment of the POMC 
gene promoter (Fig. 1A) to drive transgenic Ac45 expression specifically to the 
neuroendocrine melanotrope cells. The length of the POMC promoter fragment was 
such that transgene expression was observed only in the melanotrope cells and not 
in other POMC-expressing cell types such as the corticotrope cells in the anterior 
pituitary or hypothalamic neurons (Jansen et al., 2002). Independent transgenic 
Xenopus lines were established, expressing Ac45 fused to the green fluorescent 
protein (GFP). Direct fluorescence microscopy on pituitaries of adult Ac45-transgenic 
animals clearly showed that the transgene expression was exclusively in the 
intermediate pituitary melanotrope cells (Fig.lB) and the specificity was confirmed 
by the co-localization of the transgene product with the main melanotrope secretory 
cargo protein POMC (Fig. 1C).
The Ac45-transgene product was targeted to secretory granules and efficiently 
transported through the secretory pathway to the plasma membrane where it was co­
localized with the endogenous V-ATPase (Jansen et al., 2 008). Furthermore, the Ac45- 
transgenic cells were characterized by a higher abundance of immature secretory 
granules and harbored an increased Ca2+-dependent secretory efficiency (Jansen et al., 
2008). To examine the effect of excess Ac45 on granular acidification and proprotein 
processing in the regulated secretory pathway, we analyzed melanotrope cells that 
expressed an ~ 1 0  times excess of the Ac45 protein (line #533, Jansen et al., 2008).
Excess Ac45 increases gran u lar acidification
Since Ac45 is an accessory subunit of the V-ATPase and in view  of the role of the 
V-ATPase in proton pumping (Schmidt and Moore, 1995; Schoonderwoertetal., 2000), 
we wondered about the effect of the excess of Ac45 on intragranular acidification. 
Therefore, we incubated wild-type and Ac45-transgenic neurointermediate 
lobes (NILs) with the acidotrophic reagent 3-(2,4-dinitroanilo)-3’amino-N-
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methyldipropylamine (DAMP) and analyzed the granular accumulation of DAMP via 
immuno gold electron microscopy with anti-dinitrophenol (DNP) antibodies (Fig. 2A, 
B). We found in the dense-core secretory granules of the Ac45-transgenic cells a clear 
increase in the number of gold particles compared to the number of gold
A  ^  SP TM
^  pPOMC GFP A c4 5  ■  -pA
------------ w t---------------------------- t g --------------
IL
brain I S M
tg
NL NL
IL IL
AL AL
GFP POMC
Figure 1. Generation of transgenic Xenopus laevis with expression of GFP- 
Ac45 specifically in the intermediate pituitary melanotrope cells. (A]
Schematic representation of the linear transgene construct used for Xenopus 
transgenesis (pPOMC(A]2+-SP-GFP-Ac45] with the Xenopus POMC-A gene 
promoter fragment (pPOMC], Ac45 signal peptide (SP], the region encoding 
the GFP-Ac45 fusion protein and the SV40 polyadenylation signal (pA]. TM: 
transmembrane region. (B] Ventral view on the pituitary of a wild-type (wt] and 
GFP-Ac45 (#533] transgenic (tg] juvenile frogs. Fluorescence was detected inthe 
intermediate lobe (IL] but not in the anterior lobe (AL] and the brain. (C] Sagittal 
cryosections of brain and pituitary from wild-type (wt] and Ac45-transgenic 
(tg] Xenopus. Transgene expression was detected by direct fluorescence and 
endogenous POMC expression by immunostaining with an anti-POMC antibody.
NL, neural lobe
particles in the wild-type granules (tg: 595 ± 21 particles/ |.im2, (n= 206 granules) 
vs wt: 248 ± 15 particles/ |.im2 (n= 205) p<0.001) (Fig. 2C). No gold particles were 
found in granules of wild-type cells pre-incubated with a specific inhibitor of the 
proton pump (bafilomycin Al; data not shown), confirming that DAMP accumulation 
depended on a low  intragranular pH. Based on the formula of Orci (Orci et al., 1986) 
the estimated average pH in the granules of wild-type cells was 5.2 and in granules of 
the Ac45-transgenic cells 4.8. No morphological differences were found between the 
granules of wild type and Ac45-transgenic melanotrope cells. These results show that 
the increased Ac45 expression level in the transgenic melanotrope cells resulted in a 
decreased intragranular pH.
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Figure 2. Excess Ac45 causes enhanced 
intragranular acidification in transgenic 
melanotrope cells. (A] immunogold 
labeling of ultrathin sections of DAMP- 
incubated wild-type (wt] or Ac45- 
transgenic (tg] Xenopus melanotrope cells 
with the anti-DNP antibody in combination 
with 10-nm protein-A gold. Gold labeling 
was predominantly found in the secretory 
granules (arrows] and lysosomes (L). 
Bars equal 200 nm. (B]. Quantification of 
intragranular DAMP accumulation. The 
number of gold particles per |im2 found in 
205 wt and 206 tg dense-core secretory 
granules of 20 randomly selected wt or tg 
melanotrope cells from 3 wt or tg frogs.
Excess Ac45 affects the sensitivity o f  the m elanotrope cells fo r  the V-ATPase-specific 
inhibitor bafilomycin A1
We then examined the V-ATPase system by establishing the effect of the V-ATPase- 
specific inhibitor bafilomycin A1 on processing of newly synthesized proproteins in 
the transgenic Xenopus melanotrope cells. In the early secretory pathway of Xenopus 
melanotrope cells, 37-kDa POMC is processed by PCI into 18-kDa POMC, representing 
the N-terminal portion of the POMC molecule and containing the only N-glycosylation 
site in the POMC molecule (Ayoubi et al., 1990; Martens et al., 1982). We decided to 
use bafilomycin A l since the action of this inhibitor toward the V-ATPase has been 
well characterized (Bowman and Bowman, 2002; Bowman et al., 2006; Huss et al., 
2002). Interfering with neuroendocrine V-ATPase activity through its inhibition 
by bafilomycin A l greatly reduced prohormone trafficking and processing and the 
secretion of peptide hormones via the regulated secretory pathway (Schoonderwoert 
et al., 2000; Tanaka et al., 1997). The 37-kDa POMC protein and the ~75-kDa proform 
of PC2 clearly represent the majority (~90% ) of the newly synthesized protein 
pool in the Xenopus melanotrope cells (Holthuis et al., 1995) and their subsequent 
processing products have been previously characterized (Braks and Martens, 1994; 
Holthuis et al., 1995). We therefore focused on the processing of these two proteins.
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In wild-type Xenopus melanotrope cells, bafilomycin A1 inhibited the proteolytic 
processing of newly synthesized 37-kDa POMC and of ~75-kDa proPC2 , resulting 
in an accumulation of 37-kDa POMC and the 71-kDa intermediate processing form of 
PC2 (Fig. 3A, B and Schoonderwoert et al., 2000). While in our biosynthetic labeling 
studies with wild-type cells and in the presence of bafilomycin A l a clear accumulation 
of 37-kDa POMC and 71-kDa PC2 was indeed observed, in the drug-treated Ac45- 
transgenic cells relatively low  amounts of the precursor proteins accumulated during 
the 180-min chase period (Fig. 3A, B). Together with our finding that excess Ac45 
caused a significant increase in granular acidification, the results of these biosynthetic 
studies suggest that the granular V-ATPase activity in the transgenic melanotrope 
cells was indeed enhanced by the excess of Ac45.
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Figure 3. Proprotein processing in Ac45-transgenic melanotrope cells is 
less effectively inhibited by bafilomycin A l. (A] and (B] Neurointermediate 
lobes from wild-type (wt] and Ac45-transgenic (tg] animals were pulse labeled 
for 30 min and subsequently chased for 180 min in medium containing 0, 0.25 
or 0.5 |iM bafilomycine Al. Newly synthesized proteins were extracted from the 
lobes, directly analysed on 15 % SDS-PAGE to resolve the 37-kDa POMC and 18- 
kDa POMC products (A] and on 10% SDS-PAGE to resolve the various PC2 forms 
(B). Signals were visualized by autoradiography.
Excess Ac45 affects the steady-sta te  level ofPC2 bu t n o t o f  PCI or POMC
Having established that excess Ac45 affected the V-ATPase system, we then studied 
the steady-state levels of POMC and its processing enzymes PCI and PC2. Quantitative 
Western blot analysis revealed no significant differences in the expression levels of 
POMC, PCI, as compared to the reference protein, the ER chaperone calnexin (Fig. 
4A, B). Intriguingly, in the Ac45-transgenic NILs we found an ~75%  reduction of the 
steady state PC2 expression level compared to that in wild-type NILs (Fig. 4A, C). 
Apparently, the decrease in intragranular pH caused by the excess of Ac45 provided
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a change in microenvironment of the secretory pathway affecting the steady state 
expression level of mature PC2 but not of PCI and POMC.
Excess Ac45 increases the ra te  o f  the early en doproteolytic cleavage o f  newly synthesized  
37-kDa POMC to 18-kDa POMC
To examine the effect of the excess of Ac45 on the processing of newly synthesized 37- 
kDa POMC in the regulated secretory pathway we performed metabolic cell labeling 
studies on wild-type and Ac45-transgenic NILs. In addition to the biosynthetically 
active melanotrope cells of the intermediate lobe, the Xenopus NIL consists of nerve 
terminals of hypothalamic origin (the neural lobe) and since the nerve terminals 
are biosynthetically inactive the radiolabelled proteins are synthesized by the 
melanotropes. Following a 30-min pulse incubation of wild-type NILs, clearly the m ost 
prominent newly synthesized product was 37-kDa POMC that during the subsequent 
chase periods was converted into 18-kDa POMC. The 18-kDa POMC product was 
subsequently secreted into the incubation medium (Fig. 5A). Following the 30-min 
pulse metabolic labeling of the Ac45-transgenic NILs, the biosynthesis of the newly 
synthesized proteins was similar to that in the wild-type NILs. However, during the 
chase periods the transgenic cells had converted clearly more 37-kDa POMC into 18- 
kDa POMC, resulting in an ~ 3  times higher 18K/37K ratio (Fig. 5B). Moreover, the 
release of 18-kDa POMC by the transgenic cells started already during the 120-min 
chase, while 18-kDa POMC secretion by the wild-type cells was detected only after 
180 min of chase. Following the 180-min chase period, the amount of 18-kDa POMC 
released into the incubation medium by the transgenic cells was ~ 3  times higher 
than that released by wild-type cells (Fig. 5B). These results suggest that excess Ac45 
increased the rate of POMC processing in the secretory pathway.
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■ calnexin
Figure 4. Steady-state PC2 protein expression levels are lower in Ac45- 
transgenic melanotrope cells. (A)Western blot analysis of total proteins 
extracted from wild-type and Ac45-transgenic neurointermediates lobes of 
black-adapted Xenopus using various antibodies. (B-C] Steady-state protein 
levels of POMC (B), and PC2 (C] are presented in arbitrary units (AU] relative to 
the steady-state levels of calnexin.
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Figure 5. Excess Ac45 affects the processing of newly synthesized POMC 
in transgenic m elanotrope cells. (A] Neurointermediate lobes (NILs] from 
wild-type (wt] and Ac45-transgenic (tg] animals were pulse labeled for 30 
min and subsequently chased for the indicated time periods. 5% of the newly 
synthesized proteins extracted from the lobes and 20% of the proteins secreted 
into the incubation medium were directly resolved by 12.5% SDS-PAGE and 
visualized by autoradiography. The experiments were performed in triplicate 
and a representative example is shown. (B] The processing rate of 37-kDa 
POMC to 18-kDa POMC and the secretion of 18-kDa POMC were quantified by 
densitometric scanning using a phosphoimager. For each chase period, the ratio 
of 18-kDa POMC to 37-kDa POMC was calculated for wild-type (wt, white bars] 
and transgenic (tg, black bars] NILs. The amount of secreted 18-kDa POMC was 
calculated relative to the levels of newly synthesized actin and is presented in 
AU. Note that the newly synthesized Ac45-transgene product co-migrated with 
mature PC2 (Jansen et al., 2008]. Shown are the means ± SEM (n=3]. Significant 
differences are indicated by * (p<0.05] or ** (p< 0.01].
Excess Ac45 affects proPC2 m aturation, 7B2 cleavage and proPC2-7B2 interaction
Biosynthetic labeling studies com bined w ith anti-PC2 im m unoprécipitations revealed 
th a t the  newly synthesized expression levels of proPC2 did n o t differ betw een wild- 
type and Ac45-transgenic m elanotrope cells (Fig. 6A], Following a 20-m in pu lse /45- 
m in chase period, no proPC2 conversion was observed in both  w ild-type and the 
Ac45-transgenic cells. However, after a 90-m in chase period, in the transgenic cells 
proPC2 conversion was clearly delayed com pared to th a t in w ild-type cells, resulting  
in an ~2.5 tim es low er ratio of m ature  to proPC2 in the  transgenic m elanotropes (Fig. 
6A, B).
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Transport and activation/maturation of PC2 depends on its neuroendocrine 
chaperone 7B2 (Mbikay et al., 2001). We therefore also compared the fate of 7B2 in 
wild-type and Ac45-transgenic melanotrope cells using metabolic cell labeling and 
immunoprécipitations for 7B2. The expression levels of newly synthesized 25-kDa 
7B2 (pro7B2) were similar between wild-type and the transgenic cells (Fig. 6C). In 
wild-type cells, newly synthesized 25-kDa 7B2 was gradually converted to its 18-kDa 
processed form (Fig. 6C). However, in the Ac45-transgenic cells, 7B2 processing was 
delayed resulting in the sustained presence of the intact 7B2 25-kDa form during the 
subsequent chase periods (Fig. 6C). Interestingly, after a 60-min chase period, also in 
the transgenic melanotrope cells m ost 25-kDa 7B2 was converted to its 18-kDa form.
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69-kDa PC2 -
anti-PC2
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Q  7B2 conversion (45 m in)
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75-kDa pro-PC2 -
25-kDa 7B2 - 
co-IP
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p 25-kDa 7B2 binding 
to  proPC2 (45 m in)
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Figure 6. ProPC2 maturation and pro7B2 processing are delayed in 
Ac45-transgenic melanotrope cells. (A] Wild-type (wt] and Ac45-transgenic 
(tg] neurointermediate lobes (NILs] were pulse labeled for 20 min and 
subsequently chased for indicated time periods. Following protein extraction, 
immunoprecipitation analyses were performed using an anti-PC2 antibody. 
(B] Quantification of PC2 maturation was calculated from the matPC2: proPC2 
ratio. (C] Pulse-chase-labelled NIL proteins were immunoprecipitated using 
an anti-7B2 antibody. (D] Quantification of 7B2 processing was calculated 
from the 18-kDa 7B2:25-kDa 7B2 ratio. Shown are the means ± SEM (n=4]. 
Significant differences are indicated by * (p<0.05]. (E] Pulse-chase-labeled NIL 
proteins were extracted under native conditions, and proPC2 and 7B2 were 
coimmunoprecipitated under native conditions using an anti-PC2 antibody; the 
PC2 gel was exposed for one day and the 7B2 gel for 12 days. (F] Quantification 
ofthe amount of 25-kDa 7B2 binding to pro-PC2 was calculated from the 25-kDa 
7B2: pro-PC2 ratio; the difference was not statistically significant (p= 0.3].
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Since the processing of 7B2 takes place in the Golgi compartment (Paquet et al., 1994), 
the delay in 7B2 processing was apparently caused in the early secretory pathway. 
We therefore focused on 7B2 processing and its binding to proPC2 during the first 
hour following the start of its synthesis. Indeed, after a 20-min pulse/45-m in chase 
period, a significant reduction in 7B2 processing was observed in the Ac45-transgenic 
melanotrope cells (Fig. 6C, D). We then performed co-immunoprecipitations 
experiments under native conditions to study the proPC2/7B2 complex. Interestingly, 
the lower rate of 7B2 processing in the Ac45-transgenic cells (Fig 6C, D) resulted in a 
slight increase of 25-kDa 7B2 co-immuno precipitating with proPC2 after the 45-min 
chase period (Fig 6E, F). We conclude that manipulation of the V-ATPase system in 
the regulated secretory pathway by excess Ac45 results in a slower degree of proPC2 
maturation, a slower processing of 7B2 and a sustained proPC2-pro7B2 interaction 
in the secretory pathway.
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Figure 7. Ac45-transgenic melanotrope 
cells secrete less a-MSH than wild-type 
cells. (A] Wild-type (wt] and Ac45-transgenic 
(tg] neurointermediate lobes were isolated and 
directly superfused. To measure the amount of 
a-MSH released into the medium, fractions of 
the superfusion medium were collected and 
subjected to an a-MSH radioimmunoassay. 
The average a-MSH release during a —50- 
min period (7 fractions] was measured. The 
amount of a-MSH released was normalized 
for calnexin levels (see B] and the release of 
a-MSH by wild-type cells was set to 100%. 
Shown are the means ± SEM (n=4].Significant 
difference is indicated by* (p<0.05].
(B] To estimate the number of wt and tg 
melanotrope cells, following superfusion the 
amount of the reference protein calnexin was 
determined by Western blot analysis.
Excess Ac45 decreases the secretion o f  a-MSH
The initial processing of 37-kDa POMC to 18-kDa POMC is an early, PCI-mediated 
endoproteolytic cleavage taking place in the TGN/immature secretory granules 
(Ayoubi et al., 1990; Berghs et al., 1997) and the rate of this processing event is 
increased in the Ac45-transgenic melanotrope cells (Fig. 5). Subsequent processing 
events result in the generation of the main melanotrope hormone a-MSH and are 
mediated by PC2 in the later stages of the secretory pathway, namely in the acidic 
secretory granules (Berghs et al., 1997). Superfusion experiments combined with an 
a-MSH radioimmunoassay (van Zoest et al., 1989) revealed that a-MSH secretion was 
decreased ~40%  (Fig. 7A); the number of transgenic and wild-type melanotrope cells 
superfused was similar (Fig. 7B). Thus, excess Ac45 reduced the amount of a-MSH 
secreted, presumably as a consequence of the observed lower degree of proPC2 
conversion to mature PC2 in the Ac45-transgenic cells.
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Discussion
To study the role of the V-ATPase accessory subunit Ac45 and the regulation of the 
V-ATPase pump, we generated transgenic Xenopus expressing the Ac45 protein 
specifically in the melanotrope cells and examined the effect of the excess of Ac45 
on granular acidification and prohormone processing. Excess Ac45 increased 
intravesicular acidification since a clearly higher number of gold particles was 
found in vesicles of the Ac45-transgenic melanotrope cells (595 per |.im2) than in the 
granules of wild-type Xenopus melanotrope cells (248 per |.im2). The number of gold 
particles per |.im2 found in the wild-type granules is in line with that detected in POMC- 
containing vesicles of mouse corticotrope AtT-20 cells (~2 50 per |_im2] (Tanaka et al., 
1997). Thus, the intravesicular pH is comparable between these two neuroendocrine 
and POMC-producing cell types. Application of the formula of Orci (Orci et al., 1986) 
to estimate the pH in acidic subcellular organelles on the basis of the density of gold 
particles due to DAMP accumulation indeed revealed a substantial reduction (~  0.4 
pH unit) in the average intragranular pH in the transgenic melanotrope cells when 
compared to that in granules of wild-type melanotropes.
The fact that in the transgenic cells the specific V-ATPase inhibitor bafilomycin A l 
less effectively interfered with proPC2 maturation and POMC processing than in wild- 
type cells also points to an increased V-ATPase activity and thus a lower pH in the 
TGN/immature secretory granules. Interestingly, disruption of the gene encoding the 
proprotein cleavage enzyme furin in mouse pancreatic p-cells resulted in an impaired 
intragranular acidification in these cells (Louagie et al., 2008). Furin is thought to 
cleave the Ac45 protein into its functional form and therefore Louagi et al. speculated 
that a lack of functional Ac45 may have caused the observed decrease in granular 
acidification (Louagie et al., 2008). Our results now provide direct evidence for an 
important role of Ac45 in granular acidification. Intriguingly, a proper intracellular pH 
is also crucial for correct early embryonic development (Adams et al., 2006; Allan et 
al., 2005; Cruciat et al., 2010; Liegeois et al., 2006; Nuckels et al., 2009) and may well 
explain the fact that our ablation of the Ac45 gene in the mouse led to early embryonic 
lethality (Schoonderwoert and Martens, 2002).
We recently found that in the Ac45-transgenic Xenopus melanotrope cells not only 
the plasma membrane morphology was affected, but also that vesicle biogenesis 
and the secretory efficiency were enhanced (Jansen et al., 2008). The present results 
show that excess Ac45 also causes a lower pH in subcompartments of the regulated 
secretory pathway, a situation that is beneficial for the formation of immature 
secretory granules (Chanat and Huttner, 1991; Taupenot et al., 2005). In addition, the 
more acidified secretory pathway subcompartments affected proprotein processing. 
Since only the steady-state level of mature PC2 and not that of mature PCI was 
decreased, the pH in the ER, the site of proPCl maturation (Zhou and Mains, 1994), 
likely remained unaffected.
In biosynthetic pulse-chase studies on metabolically labeled melanotrope cells, we 
focused on the fate of newly synthesized POMC, the prohormone that represents 
~80%  of all radiolabelled proteins produced in the melanotropes. The transgenic 
manipulation did not affect the level of newly synthesized 37-kDa POMC but caused 
a higher rate of processing of the prohormone to the 18-kDa POMC cleavage product
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Figure 8. Processing of POMC by PCI and PC2. Simplified version of the 
POMC processing scheme of Bicknell (Bicknell, 2008]. Only the cleavage events 
pertinent to the present study are indicated. Filled dot, N-linked glycosylation 
site; MSH, melanophore-stimulating hormone; JP, joining peptide; CLIP, 
corticotropin-like intermediate lobe peptide.
and consequently more 18-kDa POMC was secreted by the transgenic than the wild- 
type cells. This first POMC cleavage event is thought to be accomplished by PCI and 
occurs in theTGN/immature secretory granules (Berghs etal., 1997). Thus, the excess 
of Ac45 apparently provided an attractive microenvironment for proPCl enzyme 
activation (which has a pH optimum of 6.0, Cameron, 2001) that led to efficient early 
POMC processing to 18-kDa POMC. In addition, or alternatively, the observed increased 
levels of intracellular and secreted 18-kDa POMC may have been caused by reduced 
PC2-mediated cleavage of this N-terminal portion of POMC to y-MSH, due to the low  
levels of mature PC2. Likewise, reduced PC2-mediated processing of the C-terminal 
part of POMC may well have led to the significantly lower amounts of another form of 
MSH, namely of the main melanotrope bioactive peptide a-MSH (Fig. 8).
Earlier studies have shown thatthe proteolytic automaturation and processing activity 
of the PC2 enzyme highly depend on a correct local pH (Lamango et al., 1999; Li et 
al., 2003). It is therefore not surprising that less amounts of mature PC2 were found 
in the Ac45-transgenic cells. The reduced PC2 cleavage activity led to less hormone- 
producing POMC processing events in the late secretory pathway. In the transgenic 
cells, the activities of other late-acting POMC processing enzymes may be affected as 
well, including the activity of the recently described cysteine protease cathepsin L 
(Funkelstein et al., 2008). Moreover, the time period for these late processing events is 
likely reduced due to the increased secretory efficiency of the transgenic cells (Jansen 
et al., 2008). Interestingly, in the furin7' mouse pancreatic p-cells with a distorted 
granular pH the rate of proPC2 maturation was also decreased and consequently a 
lower degree of proinsulin II processing was observed (Louagie et al., 2008).
In the Ac45-transgenic melanotrope cells, the degree of proteolytic cleavage of 7B2, 
an event taking place in the TGN and thought to be executed by furin (Paquet et al.,
1994), was clearly reduced, resulting in higher levels of intact 7B2 and prolonged 
7B2-proPC2 binding. Since furin displays its highest activity at neutral pH (Hatsuzawa 
et al., 1992), it is likely that in the more acidic environment of the transgenic cells 
this proprotein cleavage enzyme is less active, leading to the sustained 7B2-proPC2
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interaction and ultimately to the observed low  levels of mature PC2.
In conclusion, our results show for the first time a central role for the Ac45 protein in 
controlling and assisting the V-ATPase, thereby greatly affecting granular acidification 
and subsequent proprotein processing in the regulated secretory pathway. Moreover, 
our results suggest that other V-ATPase accessory subunits may have an important 
role as well in cell- and cell organelle-specific targeting and regulation of the V-ATPase.
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Abstract
The vacuolar (H']-ATPase (V-ATPase] is an enzyme complex that in eukaryotic cells 
is crucial for maintenance of the acidic microenvironment in organelles, such as 
regulated secretory granules. Moreover, the membrane-bound V0-sector of the pump 
is involved in Ca2+-dependent membrane fusion. Recently, we showed that in the 
secretory pathway the V-ATPase is regulated by the type I transmembrane protein 
Ac45, a V0-associated accessory subunit. To execute its role, Ac45 is proteolytically 
processed in the early secretory pathway, resulting in cleaved-Ac45. Here, we 
searched for functional domains within the Ac45 protein by analyzing a set of Ac45 
deletion mutants transgenically expressed in a well-characterized regulated secretory 
cell, namely the Xenopus intermediate pituitary melanotrope cell. Intact-Ac45 was 
poorly processed and accumulated in the ER of the transgenic melanotrope cells. In 
contrast, cleaved-Ac45 was efficiently transported through the secretory pathway, 
caused an accumulation of the V-ATPase at the plasma membrane and reduced 
dopaminergic inhibition of Ca2+-dependent peptide secretion. Surprisingly, deletion 
of the C-tail from intact-Ac45 caused cellular phenotypes also found for cleaved-Ac45, 
whereas C-tail removal from cleaved-Ac45 still allowed its transport to the plasma 
membrane, but abolished V-ATPase binding and left dopaminergic inhibition of the 
cells unaffected. We conclude that domains located in the N- and C-terminal portions 
of the Ac45 protein are involved in its trafficking, V-ATPase recruitment and role in 
Ca2+-dependent regulated secretion.
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Introduction
The vacuolar (H']-ATPase (V-ATPase) is a proton pump and its function is crucial for a 
broad range of biological processes such as membrane trafficking, receptor-mediated 
endocytosis, lysosomal protein degradation (Nishi and Forgac, 2002), embryonic 
left-right patterning (Adams et al., 2006), Wnt signaling during anterior-posterior 
patterning (Cruciat et al., 2010) and maintenance of the acid-base homeostasis 
(Wagner et al., 2004). In intracellular organelles, such as lysosomes, secretory 
granules and the yeast vacuole, the V-ATPase is the major regulator of the pH (Adams 
etal., 2006; Paroutis etal., 2004). Moreover, the V-ATPase provides an electrochemical 
membrane potential that is required for yeast vacuole membrane fusion (Ungermann 
et al., 1999). In neuroendocrine cells, inhibition of the V-ATPase greatly affects 
neuroendocrine prohormone processing and regulated secretion (Schoonderwoert 
et al., 2000; Tanaka et al., 1997), and in neuronal cells evokes a deceleration in the 
kinetics of exocytosis and a reduction in the neurotransmitter content of the vesicles 
(Camacho et al., 2006).
The V-ATPase consists of two sectors, namely the cytoplasmic Vj-sector that takes care 
of ATP hydrolysis and the membrane-bound V0-sector that harbours the proteolipid 
by which protons are translocated (Nishi and Forgac, 2002). The V-ATPase complex 
displays V -V sector dissociation, which m ost likely represents a universal mechanism  
for regulation of its activity (Beyenbach and Wieczorek, 2006).
Apart from its function in proton pumping, also a V^independent role for the V - 
sector in post-SNARE membrane fusion has been found in yeast vacuoles (Peters et 
al., 2001), Drosophila neurons (Hiesinger et al., 2005) and mouse pancreatic fê-cells 
(Sun-Wada et al., 2006), and during apical exosome secretion in C.elegans (Liegeois 
et al., 2006). The pore formation preceding membrane fusion and induced by the V - 
sector involves the small Ca2+-binding protein calmodulin (Peters et al., 2001; Zhang 
et al., 2008). Recently, the discovery of a direct interaction between the v-SNARE 
synaptobrevin and the V0-sector of the V-ATPase in rat neurons revealed some of the 
molecular mechanism underlying the role of V0 in post-SNARE membrane fusion and 
Ca2+ -dependent neurotransmitter release (Di Giovanni et al., 2010). Furthermore, 
a separate function for the V0-sector in the biogenesis of dense-core granules in 
neuroendocrine cells has recently been put forward (Sobota et al., 2009). Together, 
these studies show that the V0-sector is of great importance to the regulated secretory 
pathway, in particular for the process of Ca2+ -dependent regulated secretion.
In specialized cell types such as osteoclasts (Feng et al., 2008; Xu et al., 2007), and 
neuroendocrine chromaffin and pituitary cells (Holthuis et al., 1999; Holthuis et al.,
1995) the V0-sector of the V-ATPase is equipped with an accessory subunit, namely 
the glycosylated type I transmembrane protein Ac45. Using a transgenic approach in 
Xenopus neuroendocrine melanotrope cells, we recently identified the Ac45 protein 
as the first regulator of the V-ATPase in the regulated secretory pathway (Jansen et 
al., 2010; Jansen et al., 2008). Extensive biosynthetic labeling studies revealed that the 
intact 62-kDa Ac45 protein is proteolytically cleaved to a C-terminal Ac45 fragment 
of ~ 4 0  kDa, a process that takes place in the early secretory pathway (Holthuis et 
al., 1999). The fate of the ~20-kDa N-terminal cleavage fragment remained elusive 
and it has been suggested to be degraded after cleavage from its precursor protein
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(Schoonderw oert e t al., 2002], In this study, we explored the structural requirem ents 
for Ac45 to function as a regulator of the V-ATPase in the regulated secretory 
pathway. We study the im portance of various dom ains w ithin the Ac45 protein, of 
the Ac45 cleavage event and of its sh o rt cytoplasm ic tail which harbors essential 
and autonom ous rou ting  inform ation (Jansen e t al., 1998], Using the technique of 
stable Xenopus transgenesis (Kroll and Amaya, 1996], we expressed a num ber of 
Ac45 m utan t proteins specifically in Xenopus in term ediate p itu itary  m elanotrope 
cells. We exam ined the localization of the various transgene products, the ir fate in 
the secretory  pathway, and the ir effects on endogenous V-ATPase localization and the 
regulation of Ca2+-dependen t secretion. We conclude th a t cytoplasm ic and luminal 
dom ains of Ac45 are involved in Ac45 trafficking and V-ATPase guidance through the 
regulated  secretory  pathway. Moreover, our study illustrates the im portance of these 
Ac45 protein dom ains for the process of Ca2+-dependen t regulated  secretion.
Material and methods
Animals
Xenopus laevis w ere reared  in the Xenopus facility of the D epartm ent of Molecular 
Animal Physiology (Central Animal Facility, Radboud University Nijmegen], For 
transgenesis experim ents, adult female Xenopus laevis w ere directly obtained from 
South Africa (Africa Reptile Park, Muizenberg, South Africa], Experim ental animals 
w ere adapted  to a black background for a t least 3 weeks w ith a lig h t/d a rk  cycle of 
12 h. All animal experim ents w ere carried  ou t in accordance w ith the European 
Communities Council Directive 86/609/E E C  for animal welfare, and perm it 
RBD0166(H10] to generate and house transgenic Xenopus laevis.
Generation o f  Xenopus stab ly  transgenic fo r  Ac45 m u tan ts fu sed  to GFP 
For the generation of the GFP/Ac45ACS m utant, first Spel restriction  sites 
w ere in troduced into w ild-type Xenopus Ac45 (clone X1311-4, (Holthuis 
e t al., 1999] using the Quickchange M utagenesis k it (Stratagene] and 
the prim ers: 5’-gaccaagcaattggacaaactagtagcacattaaagtcagagggtg-3’and
5’-caccctctgactttaatgtgctactagtttgtccaattgcttggtc-3’ (m utation 1, n t 569-574 of clone 
X1311-4] and N3s: 5’-gcgccagttacttgccactactagtcctatgccaagctatcctcc-3’
N3as: 5’-ggaggatagcttggcataggactagtagtggcaagtaactggcgc-3’ (m utation 2 , n t 695-700 
of clone X1311-4], Following a Spel digestion, the cDNA was re-ligated, amplified by 
PCR using forw ard p rim er 5’-gggggaattccagcaagtgcccgtgctg-3’ and reverse prim er 
5’-ggggtctagattactctgtctggggcacagc-3’. For obtaining cDNA encoding G FP/Ac45/411 
and G FP/cleaved-Ac45/411, the Xenopus Ac45 ORF (w ithout the  signal peptide] 
was amplified by PCR using the forw ard prim er 5’-gggggaattccagcaagtgcccgtgctg-3’ 
and reverse p rim er 5’-ggggtctagactaaaccatgtgcagtccatagg-3’ or forw ard 
p rim er 5’-gggggaattccctatgccaagctatcctcc-3’ and reverse prim er 
ggggtctagactaaaccatgtgcagtccatagg-3’, respectively, and a stop codon proceeding 
Val411 of Xenopus Ac45 was in troduced (Jansen e t al., 1998], The EcoRI/Xbal 
Ac45ACS, A c45/411 or cleaved-Ac45/411 PCR products w ere subcloned into the 
pPOMC(A]2+-SP-GFP vector. For fusing intact-Ac45 and Ac45Nterm C-terminally 
to GFP, the Xenopus Ac45 ORF (including the signal peptide] was amplified by
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PCR using the forward primer 5’ ggggggatccgaattcaacagagatggcagcgatgg-3’ 
and reverse primer 5’-gcgcggatccctctgtctggggcacagc-3’ or forward 
primer: 5’-ggggggatccaggctgctcagtggcaag-3’ and reverse primer 5’ 
gcgcggatccctctgtctggggcacagc-3’, respectively, and the PCR fragments were cloned 
into the EcoRI/BamHI sites of N3delAUG-EGFP (Invitrogen). Next, the EcoRI/Xbal- 
digested inserts were subcloned into the pPOMC2+ vector (Jansen et al., 2002). Linear 
Sall/Notl fragments (125 ng) were used for stable Xenopus transgenesis as described 
previously (Jansen et al., 2002). A number of transgenesis rounds yielded transgenic 
F0 Xenopus embryos with various transgene expression levels in the pituitary as was 
judged by direct screening of the living embryos under a fluorescence microscope 
(Leica MZ FLIII). To generate FI offspring, testes of transgenic F0 Xenopus males were 
used to fertilize in vitro  wild-type Xenopus eggs resulting in transgenic lines #530  
(GFP/Ac45ACS), #629 (GFP/Ac45/411), #651 (GFP/cleaved-Ac45/411) and #481  
(Ac45Nterm/GFP). Transgenic lines #452, expressing GFP/intact-Ac45, and #533, 
expressing GFP/cleaved-Ac45, have been previously described (Jansen et al., 2008).
Antibodies
The anti -Xenopus Ac45-C and anti-Ac45-N rabbit antisera (1311N and 1311C, 
respectively) have been described previously (Holthuis et al., 1 9 9 9 ,1311N and 1311C 
respectively), a polyclonal antiserum raised against GFP (Cuppen et al., 1999) was 
kindly provided by Dr. B. Wieringa (Radboud University Nijmegen, The Netherlands). 
Antisera against Xenopus POMC (ST62, Berghs et al., 1997) and Xenopus VIA (ST170, 
Jansen et al., 2008) were obtained from Dr. S. Tanaka (Shizuoka University, Japan) 
and the rabbit antiserum against Xenopus calnexin (Beggah and Geering, 1997) 
was a generous gift of Dr. K. Geering (University of Lausanne, Switzerland). The 
rabbit antiserum against the Xenopus NaK-ATPase a-subunit (ST201) was raised 
against a synthetic peptide comprising 16 amino acid residues located between  
transmembrane domains 2 and 3 of the protein with an additional cysteine at the 
N-terminus (CKVDNSSLTGESEPQTR).
Western b lo t analysis
Freshly dissected neurointermediate lobes (NILs) were homogenized in lysis buffer 
(140 mM NaCl, 0.1% Triton-XlOO, 1% Tween-20, 50 mM Hepes pH 7.4 supplemented  
with Complete protease inhibitor mix (Roche Diagnostics)). After denaturing, the 
lysates were separated on SDS-PAGE and transferred to nitrocellulose membrane. 
Following blocking, blots were incubated with anti-GFP (1: 5000) and anti-POMC 
(ST62, 1: 10,000) rabbit antisera and with secondary peroxidase-conjugated Goat- 
anti-rabbit antibody (1:5000) followed by chemoluminescence. Signals were 
detected and quantified using a Bioimaging system with Labworks 4.0 software (UVP 
Bioimaging systems, Cambridge, UK).
Cryosectioning and im m unohistochem istry
Brain-pituitary preparations were dissected from juvenile transgenic frogs and 
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4). After 
cryoprotection in 10% sucrose-PBS, sagittal 20 |.im cryosections were mounted on 
poly-L-lysine-coated slides and dried for 2 h at 45 °C. For immunohistochemistry, 
sections were rinsed for 30 min in 50 |iM Tris-buffered saline (pH 7.6) containing 150
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|iM NaCl and 0.1% Triton X100 (TBS-TX). To prevent nonspecific binding, blocking was 
performed with 0.5 % BSA in TBS-TX. Sections were incubated with anti-POMC (ST62, 
1: 2000) antibodies for 16 h at 37 °C in TBS-TX containing 0.5% BSA. After rinsing the 
slides with TBS-TX, a second antibody, Goat-anti-Rabbit-Alexa Fluor 568 (Molecular 
Probes, Eugene, Oregon, USA) at a dilution of 1:100, was applied and sections were 
incubated for 1 h at 37 °C. Following an additional washing step, the sections were 
mounted in Mowiol (Calbiochem) containing 2.5% sodium azide and cover slipped. 
Immunofluorescence was viewed under a Leica DMRA fluorescence microscope.
M elanotrope cell isolation, live cell im aging and imm unofluorescence 
Melanotrope cells were isolated from freshly dissected Xenopus NILs as described 
previously (Holthuis et al., 1999) and plated on to poly-L-lysine coated glass bottom  
dishes (Willco Wells, Amsterdam, The Netherlands). For determining the localization 
of the GFP fusion protein, cells were subjected to live cell imaging after 24 hours 
of culturing using an Olympus FV1000 confocal laser scanning microscope. For 
immunostaining with marker antibodies, cells were fixed with 4% paraformaldehyde 
in Xenopus PBS (XPBS; 67% PBS) for 2 hours, washed with 50 mM NH4C1/XPBS, 
permeabilized with 0.05% Tween-20/XPBS and incubated with anti-POMC (ST-62, 
1: 5000), anti-NaK-ATPase (ST-201 1:1000) or anti-calnexin antibodies (1:1000) in 
blocking buffer (2% BSA, 0.05% Tween-20 in XPBS). After extensive washing with 
XPBS, cells were incubated for 1 hour with a second antibody, Goat-anti-Rabbit- 
Alexa Fluor 568 (1: 100 in blocking buffer). Following additional washing steps, cells 
were mounted in Mowiol and imaged for GFP and Alexa Fluor 568 using an Olympus 
FV1000 confocal laser scanning microscope using the Image J software package.
M etabolic cell labeling and im m unoprécipitations
For radioactive labeling of newly synthesized proteins, freshly isolated Xenopus NILs 
were pre-incubated for 10 min in Ringer’s medium (112 mM NaCl, 2mM KC1, 2 mM 
CaCl2, 15 mM Hepes pH 7.4, 2 m g/m l glucose 0.3 m g/m l BSA) containing 0.3 m g/m l 
BSA (Ringer’s/BSA), then incubated in Ringer’s/BSA containing 1.7 mCi/ml Tran35S 
label (MP Biomedicals) for indicated time periods and subsequently chased in 50 
|il Ringer’s/BSA supplemented with 0.5 mM L-methionine as described previously 
(Bouw et al., 2004; Strating et al., 2007; Strating and Martens, 2009; van Rosmalen 
and Martens, 2007). Chase incubations were in the absence or presence of 0.1 |iM 
apomorphine. Lobes were lysed in 100 |il lysis buffer, and lysates and media were 
cleared by centrifugation (13.000 g, 7 min) and directly analyzed by SDS-PAGE. The 
gel migration positions of 37-kDa POMC, 18-kDa POMC and the various PC2 forms 
corresponded to those previously observed (Braks and Martens, 1994; Holthuis et al., 
1995; Jansen et al., 2008). POMC represents more than 80% of all newly synthesized  
melanotrope proteins (Holthuis et al., 1995) allowing its direct analysis (i.e. no need  
for immunoprécipitation).
Im m unoelectron m icroscopy
Xenopus NILs were freshly dissected for freeze substitution and low-temperature 
embedding. The tissue was rapidly frozen by a Leica electron microscopy (EM) High- 
Pressure Freezing system (Leica Microsystems) followed by freeze substitution. The
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tissue was then immersed in acetone containing 0.5% uranyl acetate as fixing agent at 
-90°C. The temperature was raised stepwise to -45°C and the tissue was then infiltrated 
with Lowicryl HM20. Thin sections were cut and mounted on one-hole nickel grids 
coated with a formvar film.
For postembedding immunohistochemistry, ultrathin Lowicryl sections were washed 
for 10 min in phosphate-buffered saline (PBS, pH 7.4) containing 0.1% sodium  
borohydride and 50 mM glycine, and for 10 min in PBS containing 0.5% BSA and 0.1% 
cold fish skin gelatine (PBG). For immunolabeling, sections were incubated overnight at 
4°C in drops of PBG containing anti-GFP (1:500) or anti-V-ATPase subunit VXA (ST170, 
1:50) antibodies . Sections were washed for 20 min in PBG, incubated with protein 
A-labeled 10 nm gold markers, washed in PBS and postfixed with 2.5% glutaraldehyde 
in PB for 5 min to minimize loss of gold label during the contrasting steps. After washing 
with distilled water, sections were contrasted in uranyl acetate and studied using a Jeol 
transmission electron microscopy (TEM) 1010 electron microscope.
Fluorescence m easurem ents o f  in tracellular Ca2*
To measure intracellular Ca2+, cells were loaded with 2 |iM fura-2/AM (Molecular 
Probes, Eugene, OR, USA) in 1 ml Xenopus Ringer’s/BSA solution containing 1 |iM 
pluronic F127 (Molecular Probes, Eugene, OR, USA) and 3% FCS for 20 min at 20 °C. 
The cells were then washed with Xenopus Ringer’s solution for 2 0 min. The chambered 
cover slip was placed on the stage of an inverted microscope (Zeiss AxioVert 135 
TV, Gottingen, Germany) and the cells were studied using an epifluorescent x40 
magnification oil immersion objective (Zeiss). Fura-2 was excited at 340 and 380 nm, 
and fluorescence emission was monitored at wavelengths above 460 nm. Experiments 
were controlled and analyzed with Metafluor V.6.2R5 software (Universal Imaging 
Corporation, Downingtown, PA, USA). Ca2+-oscillations were measured in a low- 
speed acquisition mode with a sample interval of 6 s. During the experiment, Ringer’s 
solution without or with 0.1 |iM apomorphine was continuously perfused at a flow  
rate of 0.7 ml/min. The apomorphine concentration was chosen on the basis of the 
results of our metabolic cell labeling studies.
Results
Generation o f  stab le  transgenic Xenopus expressing (m utan t) Ac45 tagged with GFP in 
the in term edia te p itu ita ry  m elanotrope cells
To study the functional domains within Ac45, we first expressed in the neuroendocrine 
Xenopus melanotrope cells intact-Ac45 containing a GFP tag at its N- or C-terminus 
(GFP/intact- Ac45 and intact-Ac45/GFP, respectively. The cDNAs were placed under 
the control of a POMC gene promoter fragment (Jansen et al., 2002) (Fig. 1A) and 
stable transgenic Xenopus lines were established expressing the fusion proteins 
specifically in the intermediate pituitary melanotrope cells (Fig.lB). To study the 
steady-state protein expression levels in the transgenic NILs, we performed Western 
blot analysis with anti-GFP and anti-Ac45-C antibodies. Analysis of the GFP/intact- 
Ac45 NIL lysate with an anti-GFP antibody showed a product of ~ 7 0  kDa, representing 
the GFP/intact-Ac45 protein. The minor ~ 5 0  kDa band corresponds to the size of
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the N-terminal Ac45 cleavage product fused to GFP. The GFP/intact-Ac45 protein 
was also recognized by the anti-Ac45-C antibody (Fig. 1C). In the intact-Ac45/GFP 
NIL lysate, an ~ 90  kDa product corresponding to intact-Ac45/GFP and an ~  70 kDa 
representing the C-terminal Ac45 cleavage product fused to GFP (cleaved-Ac45/GFP) 
were observed. The ~ 28  kDa product probably corresponds to the stable GFP moiety 
of the fusion protein, likely resulting from the degradation of the Ac45 portion. The 
anti-Ac45-C antibody did however not recognize the intact-Ac45/GFP product (Fig. 
1C), indicating that the C-terminal Ac45 epitope is blocked by the GFP tag. Since 
the C-tail of Ac45 contains important routing determinants (Jansen et al., 1998), 
we decided to use for our mutational analysis the Ac45 protein fused to GFP at its 
N-terminus (GFP/intact-Ac45).
w  SP IM  
pPOMC | | in tac t-A c45 ■  GFP -PA
, SP CS ™
----------- intact-A c45/G FP----------- -----------GFP/intact-Ac45-----------
IL IL
/  V ^  'x
AL , A L  ,
JT «.<
■Ao ¿ V
intact-Ac45/GFP.
GFP/intact-Ac45. 
cleaved-Ac45Cterm /GFP — 
GFP/cleaved-Ac45Nterm—
endogenous cleaved-Ac45—
GFP*-
<#'VV
'  <$ #  M (kDa)
Figure 1. C-terminal fusion of GFP to Ac45 interferes with C-terminal 
antibody recognition. (A] Transgenes used to generate transgenic Xenopus 
with expression of intact-Ac45 C- or N-terminally fused to GFP specifically in 
the intermediate pituitary melanotrope cells. (B] Direct GFP fluorescence was 
observed only in the intermediate lobe (IL] and not in the anterior lobe (AL] of 
the pituitary. (C] The intact-Ac45/GFP fusion protein was recognized by the anti- 
GFP antibody but not by the anti-Ac45-C antibody. The GFP/intact-Ac45 fusion 
protein was recognized by both antibodies. SP, signal peptide; CS, cleavage site;
TM, transmembrane domain; pA, SV40 polyadenylation site.
Next, to gain insight into the significance of the Ac45 cleavage event and the function 
of the protein domains within Ac45, we generated transgenic Xenopus lines expressing 
a variety of Ac45 mutants (Fig. 2 A). The mutant fusion proteins were colocalized with 
the main melanotrope cargo protein proopiomelanocortin (POMC) exclusively in the 
melanotrope cells of the intermediate lobe (IL) and not in the anterior lobe (AL) of 
the pituitaries (Fig. 2B). Western blot analysis of a GFP/Ac45ACS NIL lysate using the 
anti-GFP antibody revealed only an ~  90-kDa product corresponding to the expected 
size of non-cleaved GFP-Ac45, indicating that this Ac45 mutant indeed prevents
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Ac45 cleavage (Fig. 2C). In the GFP/Ac45/411 NIL lysate, we detected a major ~90- 
kDa protein corresponding to the non-cleaved C-terminally truncated Ac45 fusion 
protein (Fig. 2C). The diffuse product migrating slightly slower likely represents a 
more extensively glycosylated form of GFP/Ac45/411. The relatively high amount 
of the ~  50 kDa N-terminal cleavage product indicates that the proteolytic cleavage 
of GFP/Ac45/411 is more efficient than that of GFP/intact-Ac45. Analysis of the 
GFP/cleaved-Ac45 NIL lysate revealed the expression of an ~ 7 0  kDa transgene 
product corresponding to the GFP/cleaved-Ac45 product. The ~70-72k  Da double 
band detected for the GFP/cleaved-Ac45/411 protein is m ost likely due to the two 
glycosylation states of the transgene product. The steady-state expression level of this 
transgene was relatively low. Finally, in the Ac45Nterm/GFP NIL lysate two ~  50-kDa 
products were detected, presumably also corresponding to differentially glycosylated 
forms of the N-terminal cleavage product of Ac45 fused to GFP.
Figure 2. Transgene expression of GFP-Ac45 mutant proteins specifically 
in the Xenopus melanotrope cells. (A] Overview of transgenes used to express 
Ac45 mutant proteins fused to GFP in the Xenopus melanotrope cells. (B] Sagital 
cryosections of transgenic Xenopus pituitaries. Transgenic Ac45 mutant/GFP 
expression was directly viewed under a fluorescence microscope (green]. 
Sections were stained with an anti-POMC antibody (red] showing coexpression 
of GFP and POMC in the intermediate pituitary melanotrope cells. (C] Western 
blot analysis of NIL lysates with an anti-GFP showing the expression levels of 
the respective transgene products. 10 percent of a total NIL lysate was analysed. 
GFP*, stable GFP moiety, probably resulting from Ac45Nterm/GFP mutant 
fusion protein breakdown.
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Localisation o f  the m u tan t Ac45 proteins in the transgenic m elanotrope cells
To examine the subcellular localization of the GFP-tagged mutant Ac45 products, we 
used confocal laser scanning microscopy (CLSM) on cultured live melanotrope cells. 
The GFP/intact-Ac45 and GFP/Ac45ACS transgene products were mainly found in a 
reticular network, m ost likely representing the ER (Fig 3A], Surprisingly, besides in 
a perinuclear region, presumably representing the Golgi, the GFP/Ac45/411 product 
was mainly localized to the plasma membrane, comparable to the localization of GFP/ 
cleaved-Ac45 and GFP/cleaved-Ac45/411 (Fig. 3A], The soluble GFP/Ac45N-term 
productwas found in granular structures in the melanotrope cells (Fig. 3B).
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Figure 3. Subcellular localization of GFP-Ac45 proteins in transgenic 
Xenopus melanotrope cells. (A] Xenopus melanotrope cells were isolated from 
the transgenic pituitaries, cultured and examined with live imaging for GFP 
fluorescence. (B] The melanotrope cells were fixed and stained with the marker 
antibodies anti-NaK-ATPase (plasma membrane], anti-calnexin (for the ER] and 
anti-POMC (for secretory vesicles].
To confirm the observed intracellular localizations of the transgene products, 
isolated melanotrope cells were probed with specific marker antibodies. The ER- 
localization of the GFP/Ac45ACS product was confirmed by the analysis using an 
antibody directed to the ER chaperone calnexin (Beggah and Geering, 1997), the 
plasma membrane localizations of GFP/Ac45/411 and GFP/cleaved-Ac45 by their 
partial colocalization with the alpha subunit of the NaK-ATPase, and the granular 
localization of the soluble Ac45N-term/Ac45 transgene product by its colocalization 
with the main melanotrope prohormone POMC (Fig. 3B). Thus, naturally occurring
cleaved-Ac45
cleaved-Ac45/411
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N- and C-terminal Ac45 fragm ents are tran sp o rted  through the secretory  pathway, 
the  cleavage of Ac45 is a p rerequisite  for its tran sp o rt and the cytoplasm ic tail of Ac45 
plays a pivotal role in transporting  the Ac45 p ro tein  from the ER to the  later stages of 
the  secretory  pathway.
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Figure 4. Ac45 m utants 
differentially affect endogenous 
V-ATPase localization. (A-D] 
Immunogold labeling of ultra- 
thin pituitary cryosections with 
anti-GFP antibody confirmed 
the expression of the GFP/Ac45 
mutant transgene products at 
the plasma membrane of the 
transgenic Xenopus melanotrope 
cells. No labeling was found in 
wild-type cells. (E-H] Immunogold 
labeling with an anti-VlA 
antibody showed that in the GFP/ 
cleaved-Ac45 and GFP/Ac45/411 
transgenic melanotrope cells the 
endogenous V-ATPase is recruited 
to the plasma membrane but 
not in wild-type cells nor in 
transgenic cells expressing GFP/ 
cleavedAc45/411. N, nucleus; 
ER, endoplasmic reticulum
— GFP/cleaved-Ac45/411-
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Differential effects o fth e A c 4 5  m u tan t proteins on endogenous V-ATPase localization
Previous studies have shown that the GFP/cleaved-Ac45 transgene product directs 
the endogenous V-ATPase through the secretory pathway and to the plasma 
membrane of Xenopus melanotrope cells (Jansen et al., 2008). We now wondered 
how the expression of the Ac45 mutant proteins would affect endogenous V-ATPase 
localization. We therefore focused on the plasma membrane-localized GFP/cleaved- 
Ac45, GFP/Ac45/411 and GFP/cleaved-Ac45/411 transgene products. Immuno-EM 
with an anti-GFP antibody revealed that the GFP/cleaved-Ac45 product was mainly 
found in microvillar structures at the plasma membrane (Fig. 4C and Jansen et al.,
2008), GFP/Ac45/411 in both microvillar structures and smooth plasma membrane,
ceils medium
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Figure 5. NtermAc45/GFP is secreted via the regulated secretory pathway.
Wild-type (wt] and Ac45Nterm/GFP-transgenic NILs were pulse labeled for 
30 min and chased for 180 min in the presence of various concentrations of 
apomorphine, as indicated. (A] Five percent of the total labeled NIL lysates and 
20 percent of the incubation media were directly resolved by SDS-PAGE. (B] NIL 
lysates and incubation media were incubated with an anti-Ac45-N antibody, and 
the immune complexes were immunoprecipititated using protein A Sepharose 
and resolved by SDS-PAGE. Asterisk indicates the non-glycosylated newly- 
synthesized Ac45Nterm/GFP transgene product. Radioactive signals were 
visualized by autoradiography.
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and GFP/cleaved-Ac45/411 in smooth, non-ruffled plasma membranes (Fig. 4B 
and 4D, respectively). No gold label was found in the wild-type cells (Fig. 1A). GFP/ 
cleaved-Ac45 co-localized with the endogenous V-ATPase A subunit in the microvillar 
structures (Fig. 4G and Jansen etal., 2008), and GFP/Ac45/411 in both the microvillar 
structures and the non-ruffled plasma membranes (Fig. 4 F). The localization of the 
endogenous V-ATPase A subunit in the cytoplasm and partly associated with vesicular 
structures of the GFP/cleaved-Ac45/411 transgenic cells was similar to that in wild- 
type melanotrope cells (Fig. 4A and 4H, respectively), suggesting that GFP/cleaved- 
A c45/411 did not recruit the endogenous V-ATPase to the plasma membrane.
The N-terminal-Ac45- cleavage p rodu ct is secreted  via the regulated  secretory pa th w ay
We next performed biosynthetic labeling studies to study the fate of the Ac45Nterm/ 
GFP protein in the melanotrope cells. In addition to the biosynthetically active 
melanotrope cells (in the intermediate lobe), th eXenopus NIL consists of nerve terminals 
of hypothalamic origin (the neural lobe) which are biosynthetically inactive. The 
radiolabeled proteins therefore are synthesized solely by the melanotrope cells. During 
the 30-min pulse period, in both wild-type and transgenic cells, 37-kDa POMC clearly 
was the major newly synthesized protein that during the 180-min chase incubation 
was processed to 18-kDa POMC (Fig. 5A). This protein represents the N-terminal 
portion of the Xenopus POMC molecule, contains the only N-glycosylation site present 
in the POMC molecule and is the result of the first endoproteolytic cleavage step during 
POMC processing (Martens, 1986). The biosynthesis of newly synthesized proteins in 
the Ac45Nterm/GFP-transgenic NILs was similar to that in wild-type NILs (Fig. 5A). 
Immunoprécipitations from the NIL lysates with an anti-Ac45-N antibody revealed the 
specific expression of two protein products of ~  50 and ~55  kDa in the transgenic 
NILs, representing Ac45Nterm/GFP transgene products. Since immunoprécipitations 
from the incubation medium only detected the ~55-kDa Ac45Nterm/GFP form, the 
50-kDa protein most likely represents its non glycosylated, newly synthesized form 
and the 55 kDa form the glycosylated form (Fig. 5B). Since the Ac45Nterm/GFP protein 
was secreted by the transgenic melanotrope cells, we wondered whether this secretion 
occurred in a regulated manner. Under physiological conditions, secretion by the 
melanotrope cells is under strict control of neurotransmitters of hypothalamic origin, 
with dopamine, acting through the dopamine D2-receptor, as one of the main inhibitors 
of peptide release (Roubos, 1997). We applied the dopamine D2-receptor agonist 
apomorphine during the 180-min chase incubations and found that in addition to the 
secretion of the well-defined regulated secretory proteins 18-kDa POMC, prohormone 
convertase PC2, and carboxypeptidase E (CPE), also the secretion of Ac45Nterm/GFP 
was blocked (Fig. 5A ), showing that the transgene product was secreted in a regulated 
fashion.
The dopam inergic inhibition o f  p ep tid e  secretion is differentially affected by the Ac45- 
m u tan t proteins
Since Ac45 is associated with the V0-sector of the V-ATPase (Feng et al., 2008; Getlawi 
et al., 1996; Supek et al., 1994) and given the involvement of V0 in Ca2+ dependent 
exocytosis (Hiesinger etal., 2 005; Peters etal., 2 001), w enextw onderedhow the various
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Ac45 mutants affect Ca2+-dependent secretion by the transgenic cells. We therefore 
performed biosynthetic labeling studies in the presence or absence of apomorphine. 
During the 30-min pulse and 180-min chase period in the absence of apomorphine, 
the NILs secreted regulated secretory proteins, including 18-kDa POMC, PC2 and CPE 
into the incubation medium. In the presence of 0.1 |iM apomorphine, peptide secretion 
from the wild-type NILs was completely blocked. Similarly, peptide secretion from 
the transgenic NILs expressing GFP/intactAc45, GFP/Ac45ACS, Ac45Nterm/GFP or 
GFP/cleaved-Ac45/411 was inhibited. Surprisingly, in the presence of apomorphine 
NILs from transgenic Xenopus expressing GFP/cleaved-Ac45 or GFP/Ac45/411 still 
secreted substantial amounts of the regulated secretory proteins into the incubation 
medium (Fig. 6). Only ~25%  inhibition of secretion was found for the GFP/cleaved- 
Ac45 transgenic melanotrope cells (data not shown). Thus, an Ac45 variant localized 
to the ER (GFP/intact-Ac45 or GFP/Ac45dCS), localized to the plasma membrane 
without affecting V-ATPase localization (GFP/cleaved-Ac45/411) or secreted by the 
cells (Ac45N-term/GFP) does not affect dopaminergic inhibition of peptide release. 
In contrast, the Ac45 mutants that travel through the secretory pathway and recruit 
the V-ATPase (namely GFP/cleaved-Ac45 and GFP/Ac45/411, see above) affect the 
regulated peptide release by the melanotrope cells.
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Figure 6. Dopaminergic inhibition of peptide release is affected in GFP/cleaved- 
Ac45- and GFP/Ac45/411-transgenic Xenopits melanotrope cells. Wild-type (wt) 
and transgenic NILs were pulse-labeled for 30 min and chased for 180 min in the 
presence of 0.1 (iM apomorphine. NILs were lysed and 5 percent of the total lysates and 
20 percent of the incubation media was directly analyzed by SDS-PAGE. Radioactive 
signals were visualized by autoradiography.
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Figure. 7. Excess of cleaved-Ac45 does not affect the inhibition of the 
spontaneous Ca2+-oscillations in GFP/cleaved-Ac45-transgenic Xenopus 
melanotrope cells. (A] Ca2+-oscillations in wild-type (wt] and GFP/cleaved- 
Ac45-transgenic (tg] cells loaded with fura-2 are inhibited in the presence of 0.1 
|iM apomorphine and reappear after removal of the drug. (B] In the presence of 
0.1 |iM apomorphine low-frequency Ca2+-oscillations occur in —25% of the wt 
and tg cells.
The dopam inergic inhibition o f  Ca2*-oscillations is n o t affected in the GFP/cleaved- 
Ac45-transgenic cells
Since regulated peptide secretion by the GFP/cleaved-Ac45 and GFP/Ac45/411- 
transgenic melanotrope cells was not effectively inhibited by apomorphine, we 
wondered whether these transgenic cells would still display normal receptor 
functioning. In wild-type melanotrope cells, Ca2+-oscillations regulate the secretory 
activity of the cells, as they are the driving force for regulated secretion and are 
effectively inhibited by dopamine (Jenks et al., 2003; Scheenen et al., 1994; Shibuya 
and Douglas, 1993). We choose to study receptor functioningin the GFP/cleaved-Ac45- 
transgenic cells, since cleaved-Ac45 resembles the naturally-occurring Ac45 protein 
that is found in secretory granules (Supek et al., 1994). Following loading of the cells 
with the Ca2+-probe fura-2 and in the absence of apomorphine, both wild-type and the 
GFP/cleaved-Ac45-transgenic melanotrope cells displayed spontaneous intracellular 
Ca2+-oscillations. Upon treatment of the cells with 0.1 |iM apomorphine for 10 min, in 
~75%  of both the wild-type cells (25 out of 34 cells, three independent experiments) 
as well as the transgenic cells (30 out of 41 cells, three independent experiments) 
showed severe inhibition of the Ca2+-oscillations, resulting in minimal, close-to-noise 
le v e l, Ca2+-oscillations, whereas the remainder of the cells displayed low-amplitude
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Ca2+-oscillations within the 10-min incubation period (compare Fig. 7 A and Fig. 7B], 
Removal of the drug reversed the inhibition and a Ca2+ -oscillations were regained. 
Since in our peptide release studies we monitored the apomorphine effect following 
a 180-min chase period, we examined whether the inhibition of the Ca2+-oscillations 
sustained up to 180 min. Comparable with the 10-min measurements, ~25%  of the 
wild-type and transgenic cells gained low-amplitude Ca2+-oscillations while other 
cells remained largely inhibited by the drug, and no difference was observed between  
wild-type and the transgenic cells (data not shown). Thus, in the GFP/cleaved-Ac45- 
transgenic melanotrope cells dopamine D2-receptor functioning was unaffected, but 
the inhibition of the Ca2+-oscillations did no longer lead to the inhibition of peptide 
secretion.
Discussion
In this study, we examined structural domains within the Ac45 protein that are 
necessary for its action towards the V-ATPase in the regulated secretory pathway. 
In vivo, Xenopus Ac45 is processed to a 20-kDa N-terminal and a 40-kDa C-terminal 
cleavage product (Holthuis et al., 1999); the latter represents the Ac45 protein 
originally isolated from bovine chromaffin granules (Supek et al., 1994). We used 
transgene products representing these naturally occurring N-and C-terminal 
processing products of Ac45, namely Nterm-Ac45/GFP and GFP/cleaved-Ac45, 
respectively. Microscopic analysis revealed that these transgene products were 
transported through the secretory pathway. The fate of the endogenous, soluble 
N-terminal Ac45 fragment is unclear (Schoonderwoert et al., 2002). Possibly, in vivo 
this Ac45 fragment is degraded, while in our transgenic melanotrope cells it may be 
stabilized by its fusion to GFP. Here we find that this N-terminal cleavage product 
is released from the melanotrope cells in a regulated fashion, since its secretion 
was completely abolished by treatment of the cells with the D2-receptor agonist 
apomorphine. Whether the release of the N-terminal Ac45 fragment has any biological 
relevance remains elusive.
Western blot analysis revealed that in the Xenopus melanotrope cells the GFP/intact- 
Ac45 protein is processed. Removal of the region harboring the putative cleavage 
site (GFP/Ac45ACS) resulted in a protein that was not proteolytically processed  
and accumulated in the ER. Thus, the region V all64 -Gln207within Xenopus Ac45 
(Holthuis et al., 1999) indeed contains the endoprotease cleavage site within the 
Xenopus Ac45 protein. In mouse pancreatic (3-cells, the endoprotease furin has been 
shown to cleave mouse Ac45 (Louagie et al., 2008). However, the furin cleavage 
site that was identified in mouse Ac45 is not conserved in Xenopus Ac45 and an 
adjacent, conserved putative furin cleavage site in mouse Ac45 was not recognized 
by furin (Louagie et al., 2008). The identity of the Ac45-cleaving enzyme in the 
Xenopus melanotrope cells is therefore at present unclear. The treatment of Xenopus 
melanotrope cells with the Golgi-disrupting drug Brefeldin A did not interfere with 
the proteolytic processing o f Xenopus Ac45 (Schoonderwoert et al., 2002). Thus, Ac45 
processing likely takes place in the early secretory pathway, i.e. before the site of furin 
action (Thomas, 2002) has been reached. Furin is therefore not a likely candidate to 
act as the Ac45 cleaving enzyme in Xenopus melanotrope cells.
Interestingly, our C-terminally truncated Ac45 mutant (GFP/Ac45/411) was more
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extensively glycosylated and processed in the secretory pathway than GFP/intact- 
Ac45. Removal of the C-tail apparently allowed the Ac45 protein to travel from the ER 
through the secretory pathway to the plasma membrane. The extensive glycosylation 
of this mutant Ac45 protein confirms its trafficking through the Golgi, where the 
N-linked oligosaccharides are elongated (Roth, 2002). Also, the GFP/Ac45/411 
protein was more extensively cleaved than GFP/intact-Ac45. We conclude that, in 
addition to its role in Ac45 internalization (Jansen et al., 1998), the Ac45 C-tail is also 
involved in Ac45 trafficking through the secretory pathway. The exact underlying 
mechanism is presently unclear but may include an interaction of the short C-tail 
with the V-ATPase and/or with specific cytoplasmic binding proteins. Possibly, Ac45 
transport resembles that of other type I transmembrane proteins such as amyloid 
precursor protein (APP) (Burgos et al., 2010; Kuan et al., 2006) and peptidylglycine 
alpha-amidating monooxygenase (PAM) (Alam et al., 1996; Mains et al., 1999), where 
cytoplasmic binding proteins play a prominent role in their trafficking and processing. 
The fact that GFP/Ac45/411 was also found at the plasma membrane indicates that 
removal of the C-tail may result in the transport of non-cleaved Ac45 through the 
secretory pathway. Deletion of the C-tail apparently affects the conformation of 
the Ac45 protein such that its transport and subsequent (partial) endoproteolytic 
processing can occur.
Our immuno-EM analysis showed that endogenous V-ATPase was recruited to 
the plasma membrane in GFP/cleaved-Ac45- and GFP/Ac45/411-expressing 
cells. Removal of the Ac45 C-tail is apparently sufficient for the Ac45 protein to 
be transported through the secretory pathway and recruit the V-ATPase. This 
observation is in line with a recent study in osteoclasts where an Ac45AC mutant has 
been shown to, albeit less tightly, interact with the VO-sector of the pump (Feng et al.,
2008). Removal of the C-tail from cleaved-Ac45 (GFP/cleaved-Ac45/411), however, 
abolished V-ATPase recruitment, despite of its transport to the plasma membrane. 
It therefore appears that this Ac45 mutant protein lacks the minimal Ac45 protein 
domains necessary for V-ATPase binding and transport. We conclude that domains 
within the luminal N-terminal portion and the cytoplasmic C-tail of the Ac45 protein 
contribute to V-ATPase recruitment into the secretory pathway.
Two Ac45 transgene products, GFP/cleaved-Ac45 and GFP/Ac45/411, affected 
the dopaminergic inhibition of regulated peptide secretion in that melanotrope 
cells expressing these Ac45 variants were clearly less sensitive for apomorphine. 
Importantly, despite of its localization at the plasma membrane the cleaved-Ac45 
form lacking its C-tail (GFP/cleaved-Ac45/411) did not affect the inhibition of 
regulated exocytosis. Apparently, the affected dopaminergic inhibition of peptide 
release involves the recruitment of the V-ATPase into the regulated secretory pathway. 
We cannot however exclude that the relatively low  expression level of GFP/cleaved- 
A c45/411 partly explains the unaffected regulation of peptide release.
Cytoplasmic Ca2+-oscillations, the driving force for secretion (Jenks et al., 2003; Lieste 
et al., 1998), were equally inhibited in wild-type and the GFP/cleaved-Ac45 transgenic 
cells, suggesting that D2-receptor activation and subsequent inhibition of high-voltage 
activated Ca2+ -channels (Zhang et al., 2004; Zhang et al., 2005) were unaffected 
in our transgenic cells. Obviously, the minimal and low-amplitude Ca2+-oscillations 
observed in the transgenic melanotrope cells during apomorphine treatment provide 
sufficient driving force for regulated Ca2+-dependent membrane fusion. We recently
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showed that in the GFP/deaved-Ac45-transgenic cells, the secretion efficiency (the 
direct link between influx of Ca2+ and exocytosis) was substantially increased (Jansen 
et al., 2008). Furthermore, GFP/cleaved-Ac45-transgenic cells also displayed elevated 
levels of basal peptide release (Jansen et al., 2010), showing that also under non­
inhibiting conditions Ca2+ -dependent secretion is enhanced. We hypothesize that in 
the transgenic melanotrope cells the apparent facilitation of the process of regulated 
exocytosis involves an increased V-ATPase recruitment into the regulated vesicles, 
leading to a higher abundance of V0 and thereby facilitating Ca2+-dependent secretion. 
Taking our results together, we conclude that domains within the N-terminal part and 
in the C-tail of Ac45 play a key role in V-ATPase recruitment and consequently in the 
process of Ca2+-dependent regulated exocytosis.
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Abstract
The vacuolar (H']-ATPase (V-ATPase] is the main regulator of the intraorganellar 
pH and in neuroendocrine cells is controlled by its accessory subunit, Ac45. Here, 
we report the discovery of the first isoform of a V-ATPase accessory subunit, namely 
an Ac45-like protein denoted Ac45LP. Phylogenetic analysis revealed a lineage- 
dependent evolutionary history: Ac45 is absent in birds and Ac45LP is absent in 
placental mammals, whereas the other tetrapod species contain both genes. In 
contrast to Ac45, the Ac45LP is not proteolytically cleaved, a prerequisite for proper 
Ac45 routing. Intriguingly, Xenopus Ac45LP mRNA was expressed in developing 
neural tissue and in neural crest cells. While in adult Xenopus, Ac45 mRNA is widely 
expressed mostly in neuroendocrine tissues, while Ac45LP mRNA expression was 
found to be restricted to the kidney and the lung. This novel Ac45LP may provide 
additional possibilities for V-ATPase regulation during neurodevelopment as well as 
in kidney and lung cells.
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Introduction
In eukaryotic cells, certain organelles, such as endosomes, lysosomes and secretory 
granules must maintain an acidic internal invironment in order to function properly. 
This intraorganellar acidification is mainly regulated by the vacuolar (H']-ATPase 
(V-ATPase), a large multi-protein complex which, at the expense of ATP, pumps 
protons from the cytosol into the lumen of the organelles. V-ATPase-mediated 
acidification has been extensively studied, and diverse critical processes depend on 
this proton pump, including membrane trafficking, embryonic left-right patterning, 
receptor-mediated endocytosis, lysosomal hydrolysis, neurotransmitter release and 
prohormone processing (Adams et al., 2006; Nishi and Forgac, 2002; Paroutis et al., 
2004; Schoonderwoert and Martens, 2001). In addition to its intraorganellar roles, 
V-ATPase is known to play an important role in extracellular acidification as well. 
In specialized mammalian cells such as the renal alpha-intercalated cells, the pump 
is located at the apical membrane, where it regulates proton secretion into the late 
distal renal tubule in order to maintain an acid-base balance (Wagner et al., 2004). 
The V-ATPase in the apical membrane of osteoclasts is a major player in modulating 
bone resorption (Xu et al., 2007).
The V-ATPase also plays an essential role in the development of multicell ular organisms. 
In the mouse, disruption of the V-ATPase complex by selective gene inactivation leads 
to early developmental lethality (Inoue et al., 1999; Schoonderwoert and Martens, 
2002b). In developing Drosophila, disruption of plasma membrane V-ATPase subunit 
alleles results in the lethal transparent Malpighian tubule phenotype,which is most 
likely the result o f a failure in urinary acidification (Allan et al., 2005). The treatment 
of Xenopus or chick embryos with the V-ATPase-specific inhibitor bafilomycin A l 
resulted in a disturbance of embryonic left-right patterning (Adams et al., 2006) while 
a recent study on zebrafish V-ATPase mutants showed severe malformations of the 
melanocytes and retinal pigmented epithelium of the developing eye (Nuckels et al.,
2009). Taken together, the results of these studies point to an important, conserved 
and broad role for V-ATPase proton pumping in developing organisms.
The V-ATPase consists o f two main sectors. The cytoplasmic ATP-hydrolytic V^sector 
is composed of subunits A, B, C, D, E, F, G and H. The membranous V0-sector consists 
of subunits a, e, d, c and c” and harbors the rotary mechanism that is used to transport 
protons across the membrane (Hinton et al., 2009). Intriguingly, extensive expression 
studies on V-ATPase subunits in tissues of various species have identified the existence 
of a number of isoforms of V-ATPase subunits throughout the animal kingdom. 
V-ATPase subunit isoforms expressed predominantly in kidney have been reported 
for the V0a4 subunit with a repertoire of splice variants (Kawasaki-Nishi et al., 2007; 
Oka et al., 2001a; Smith et al., 2001), the VjBl subunit (Brown et al., 1988) and, more 
recently, for the V0d2-, V ^ -  and N f.2  subunits (Smith et al., 2002; Sun-Wada et al., 
2005; Wagner et al., 2004). In neurons, three V0a isoforms are expressed (V0al-3 ), 
whereas alternative splicing of V0a l mRNA results in brain-specific variations of 
this subunit (Poea-Guyon et al., 2006). In Caenorhabditis. elegans, four distinct V0a 
isoforms have been identified (Oka et al., 2001b). Furthermore, a repertoire of 
V-ATPase subunit isoforms has been discovered in the apical pole of narrow and clear 
cells of the epididymis where they regulate the pH to keep spermatozoa in a quiescent
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state during their maturation and storage (Pietrement et al., 2006). Expression of the 
V-ATPase subunit isoform VjC2a has been found specifically in the lamellar bodies 
of type II alveolar lung cells, whereas its relative V1C2b is expressed uniquely in the 
a- and p-kidney intercalated cells (Sun-Wada et al., 2003). Clearly, the diversity of 
V-ATPase subunit isoforms and thus the numerous subunit combinations provide cells 
with highly specialized proton pumps, each situated in a specific membrane and with 
a distinct regulation.
In addition to the ‘common’ subunits and their isoforms, in certain cell types possess an 
accessory subunitthatbinds to the V0-sector as part of the V-ATPase complex. The highly 
glycosylated type-I transmembrane protein Ac45 (ATP6AP1) is a neuroendocrine- 
enriched accessory subunit of the V-ATPase that was first isolated from bovine 
chromaffin granules by its co-purification with the V(|-sector of the pump (Getlawi et 
al., 1996; Holthuis et al., 1999; Supek et al., 1994). In secretory granules (Getlawi et 
al., 1996; Supek et al., 1994) and in the ruffled apical membrane of osteoclasts (Feng 
et al., 2008; Xu et al., 2007), the Ac45 protein binds to the VQ-sector of the V-ATPase. 
In peptide-hormone-producing Xenopus melanotrope cells, the Ac45 protein is co­
expressed with the main melanotrope secretory cargo protein proopiomelanocortin 
(POMC), suggesting a role for Ac45 in V-ATPase-mediated acidification of the secretory 
pathway. We have therefore proposed that the Ac45 protein may be a regulatory 
subunit of the V-ATPase (Holthuis et al., 1995). Recently, this hypothesis was supported 
by the results of our transgenic approach in the neuroendocrine Xenopus melanotrope 
cells, showing that Ac45 controls V-ATPase localization by directing the V-ATPase 
into the regulated secretory pathway, thereby affecting V-ATPase-mediated and Ca2+- 
dependent regulated secretion (Jansen et al., 2008).
In contrast to what holds for the ‘common’ V-ATPase subunits, no isoform of the 
V-ATPase accessory subunits has been found. In the study reported here, we describe 
and characterize for the first time a relative of the Ac45 protein. On the basis of our 
results, we propose that this newly identified, lung- and kidney-specific Ac45 isoform 
may influence V-ATPase functioning during development and in adult organisms in a 
tissue-specific manner.
Materials and Methods
D atabases and phylogenetic and protein  structure prediction analysis 
Expressed sequence tag (EST) and genomic sequences were derived from NCBI 
using the TBlastN algorithm (http://www.ncbi.nlm.nih.gov/) and from the Ensembl 
Genome Browser (http://www.ensembl.org/index.html) and UCSC Genome Browser 
(http://genom e.ucsc.edu/) using the BLAT algorithm. Multiple alignments of EST 
sequences were performed by ContigExpress (Vector NTI Suite 7 software package). 
Nucleotide sequences were translated using the ExPASy - Translate tool (h ttp://w w w . 
expasy.ch/tools/dna.html). Alignments were made using ClustalW (h ttp://w w w . 
ebi.ac.uk/Tools/clustalw2/index.html) and edited in JalView 2.3 (Waterhouse et al.,
2009). Phylogenetic trees were calculated using the PHYLIP 3.68 package (http:// 
evolution.gs.washington.edu/phylip.html) and plotted with TreeDyn (Chevenet et al., 
2006). An overview of search references is listed in Supplemental Table SI. The public 
CBS Prediction Server (http://www.cbs.dtu.dk/services/) was used for prediction of 
protein domains and post-translational modifications.
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Animals
Female Xenopus laevis were obtained from African Reptile Park (Muizenberg, South 
Africa) and reared under day-night conditions at 18 °C in the Xenopus facility of 
the Department of Molecular Animal Physiology, Central Animal Facility, Radboud 
University, Nijmegen, The Netherlands. Experiments were carried out in accordance 
with the European Communities Council Directive 86/609/EEC  for animal welfare.
Xenopus eggs and em bryos
Eighteen hours prior to obtaining the eggs, female X. laevis were injected with 375 
iU human chorionic gonadotropine (Pregnyl; Organon, Oss, The Netherlands). For 
in vitro  fertilization, eggs were harvested and directly put in contact with sperm of 
a freshly dissected testis. After 5 min, the eggs were overlaid with 0.1 x MMR ( lx  
MMR; 100 mM NaCl, 2 mM KC1,1 mM MgCl2, 1.5 mM CaCl2, 5 mM Hepes, pH 7.5). The 
fertilized eggs were then, selected and cultured in 0.1 x MMR/ 50|.ig/ml Gentamycin 
at 22 °C. Various developmental embryonic stages were selected and used for total 
RNA extractions. Embryo staging was carried out according to Nieuwkoop and Faber 
(Nieuwkoop, 1967).
M olecular cloning o f  Xenopus laevis Ac45LP cDNA
For molecular cloning of the full-length nucleotide sequence of Xenopus 
Ac45LP, cDNA derived from total RNA isolated from stage-25 Xenopus embryos 
was used as a template. For PCR amplification, High Fidelity PCR Enzyme 
Mix (Fermentas Int, Burlington, ON, Canada) with primers based on Xenopus 
embryonic EST sequences (Accession no. BJ036521, xAc45LP forward primer: 
5’-ggggggtacctcgagccttttgcaaatatgctggcttc-3’) and accession no. AW766525 
(xAc45LP reverse primer: 5’-gggggagctctagatcaatcccacaggttgttattctg -3’) was used. 
After amplification, the PCR products were subcloned into the pGEM-T-easy cloning 
vector (Invitrogen, Carlsbad, CA) and inserts were sequenced on both strands using 
T7 and SP6 sequencing primers and various internal primers using the ABI BigDye 
sequencing kit (Applied Biosystems, Foster City, CA). The Xenopus Ac45LP cDNA 
sequence was deposited in the NCBI GenBank under accession no. GQ427149.
For exogenous protein expression in Xenopus embryos, both full-length Xenopus Ac45 
(clone X1311 (Holthuis et al., 1999; Holthuis et al., 1995) and Ac45LP cDNAs were 
subcloned into the pCS2+ vector for in vitro  transcription using SP6-RNA polymerase.
In vitro  transcription and microinjection o f  syn th etic mRNAs into Xenopus em bryos  
Ac45/pCS2+ and Ac45LP/pCS2+ plasmids were linearized with Notl, and 1 |.ig of 
linearized DNA was used as a template for in vitro  transcription using the mMessage 
mMachine SP6 Transcription Kit (Ambion, Foster City, CA) according to the 
manufacturer’s guidelines. Following synthesis, the mRNA was precipitated using 
lithium chloride and dissolved in DEPC-treated MQ The jelly-coat was removed from 
in vitro  fertilized Xenopus eggs using 2% cysteine in 0.25x MMR ( lx  MMR; 100 mM 
NaCl, 1 mM KC1, 0.5 mM MgCl2, 1.5 mM CaCl2, 5 mM Hepes, pH 8.2), and the fertilized 
eggs were subsequently washed in O.lx MBS ( lx  MBS; 88 mM NaCl, 0.82 mM MgS04, 
2.4 mM NaHC03, 1 mM KC1, 0.33 mM Ca(N03)2, 0.41 mM CaCl2, 10 mM Hepes, pH 7.4), 
placed in an injection grid filled with injection medium (3% Ficoll/0.25x MMR/ 50 
|.ig/ml Gentamicin) and kept on a cooled plate. Following the injection of RNA (1-2 ng
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mRNA/ 10 nl MR solution (100 mM NaCl, 1.8 mM KC1, 2 mM Ca Cl2, 1 mM MgCl2, 5mM 
Hepes, pH 7.6) into the animal hemisphere, embryos were allowed to recover for 2 
hours and initiate first embryonic cleavages at 18 °C. Well-developing four-cell stage 
embryos were selected and cultured in injection medium at 18 °C until developmental 
stage 12 was reached, at which point ten embryos were homogenized in 100 |il 
lysis buffer (50 mM Hepes pH 7.4, 140 mM NaCl, 0.1% Triton-XlOO, 1% Tween 20, 
1 m g/m l deoxycholate, 1 |iM phenylmethylsulfonyl fluoride (PMSF), 0.1 m g/m l soy 
bean trypsin inhibitor). The lysates were cleared by centrifugation and, 5 |il of the 
supernatant was subjected to Western blot analysis.
Western b lo t analysis
Embryo lysates were separated on 10% SDS-PAGE and subsequently transferred 
to nitrocellulose membrane (Protran; Schleicher and Schuell, Dassel, Germany). 
Membranes were incubated with the anti-Ac45-C antibody (1311-C, 1:5000 (Holthuis 
etal., 1999) )and secondary peroxidase-conjugated Goat-anti-Rabbit antibody (Nordic 
Immunology, Tilburg, The Netherlands, 1:5000) followed by chemoluminescence 
(LumiLightplus, Roche Diagnostics, Indianapolis, IN). Signals were detected using a 
Bioimaging system with Labworks 4.0 software (UVP Bioimaging systems, Cambridge, 
UK).
Digoxigenine-UTP labeling ofX enopusA c45 and Ac45LP RNA probes  
For the generation of Xenopus Ac45 and Ac45LP sense- and anti-sense Digoxigenin 
(DIG)-labeled RNA probes, we amplified a 304-bp fragment of Xenopus Ac45 
cDNA (clone X1311 (nt 401-704), (Holthuis et al., 1999)) by PCR using the 
primers x l3 1 1 -5 ’ISH( 5’-gggggaattcgagaagcttggagtcagc) and x l3 1 1 -3 ’ISH( 
5'-gggggaattctaggctgctcagtggcaag). For amplification of a ~306-bp Xenopus Ac45LP 
cDNA fragment (this manuscript, GenBank accession no.GQ427149, nt 377-682) we 
used primers xAc45LP-5’ISH (5’-gggggaattcaaaaccaggcaaactggaac) and xAc45LP- 
3’ISH (5’-gggggaattcgtacagtggtatcaaggctc). After purification, the PCR products were 
bidirectionally cloned into the EcoRI-restriction site of pGEM3-Zf+ (Promega Life 
Sciences, Madison, WI). The orientation of the inserts was verified by DNA sequencing 
using the T7-promotor primer. Both sense- and anti-sense-oriented clones of the 
Ac45 and Ac45LP inserts were selected. A l- |ig  aliquot of BamHI-linearized plasmid 
DNA was used for the synthesis of Digoxigenine (DIG)-labeled RNA probes using 
the DIG-RNA labeling mix (Roche Diagnostics) and T7-RNA polymerase (Fermentas 
Life Sciences) according to the manufacturer's guidelines. After a lithium chloride 
precipitation, the purified RNA was dissolved in DEPC-treated MQ. For quantifying 
the amount of DIG-labeled RNA probe, we spotted a dilution series of the probe 
and a reference dilution series of DIG-labeled control RNA (Roche Diagnostics) 
onto a nitrocellulose membrane and UV-cross linked (StrataLinker UV Crosslinker, 
Stratagene, San Diego, CA ). The membrane was washed in TBS (136 mM NaCl, 2.7 
mM KC1, 25 mM Tris, pH 7.4), incubated in blocking buffer (2% NGS, 1% BSA in TBS) 
for 30 min, incubated with anti-DIG-Alkaline Phospatase-conjugated Fab fragments 
(1:5000 in blocking buffer) for 1 hour at 22 °C, washed twice for 15 min with TBS and 
pre-incubated in alkaline phosphatase buffer (AP-buffer; 100 mM NaCl, 100 mM Tris 
pH 9.5). Finally, the blot was stained using NBT/BCIP substrate (Roche Diagnostics) 
in AP-buffer and the concentrations of the DIG-labeled probes were determined.
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W hole-m ount in situ hybridizations
Stage-30 Xenopus embryos were fixed in MEMFA (0.1 M MOPS, 2 mM EGTA, ImM 
MgS04, 4% parformaldehyde, pH 7.4), dehydrated in a graded series of ethanol and 
stored in 100% ethanol at -20 °C. For in situ  hybridization, embryos were rehydrated, 
incubated in TBS-T ( lx  TBS, 0.1% Tween-20), and Proteinase K treated (150 ng 
Proteinase K/ml in TBS-T) for 20 min. at 50 °C. Then, the embryos were washed for 
10 min with 0.1 M Triethanolamine/ 5 |il/m l acetic anhydride, twice with TBS-T and 
post fixed in MEMFA for 20 min. After several washes with TBS-T, the embryos were 
incubated in pre-hybridization buffer (50% hybridization buffer, 50% TBS-T) for 
10 min at RT, placed in hybridization buffer (5x SSC pH 7.0, 50% formamide, 100 
|.ig/ml Torula RNA, 0.1% Tween-20, 5 mM EDTA, 1.5 % Blocking Reagent (Roche 
Diagnostics)) and pre-hybridized for 5 h at 58 °C. The DIG-labeled RNA probes were 
then added (500 ng/m l) and hybridization was performed at 58 °C for 16 hrs. Next, 
the hybridization mix was removed, embryos were washed three times with 2x SSC 
at 65 °C for 20 min and treated for 30 min at 37 °C with 5 |.ig/ml RNase A in 2x SSC. 
Subsequently, the embryos were washed with 0.2x SSSC (0.2x SSC, 0.3% CHAPS) for 
20 min at 65 °C, twice with MNT (1 0 0  mM Maleic acid, pH 7 .5 ,150  mM NaCl, 0.1% 
Tween-20) atRT and pre-incubated in blocking buffer (1%  Blocking Reagent in MNT) 
for one hour. The embryos were then incubated with anti-DIG alkaline phosphatase- 
conjucated Fab fragments (Roche Diagnostics, 1:3000 in blocking buffer) for 4 h 
at RT, rinsed several times with MNT, and washed thoroughly with MNT at RT for 
16 h. Finally, the embryos were washed with AP-buffer containing 2 mM Levamisol 
(Roche Diagnostics) and stained using BM Purple AP substrate (Roche Diagnostics). 
Embryos were examined under a Leica MZ FLIII stereomicroscope and photographs 
were taken with a Leica DC200 color camera using the Leica DCviewer software.
In situ  hybridization o f  Xenopus em bryo sections
Stage-30 Xenopus embryos were fixed in Bouin’s fixative, dehydrated through a graded 
series of ethanol and embedded in paraffin. Sections (6 |im) were mounted on poly- 
L-lysine-coated slides and air dried for 16 h at 37 °C. After deparaffination, sections 
were subsequently incubated with 0.1% pepsine/PBS (7 min), 2% paraformaldehyde 
(4 min) and 1% hydroxyl ammonium chloride/PBS (4 min). For in situ  hybridization, 
sections were air dried and covered with 150 |il hybridization buffer (4x SSC, 50% 
formamide, lx  Denhardt’s, 10% dextran sulfate, 25 mM sodium phosphate and 0.2 
ng/m l yeast tRNA) containing a DIG-labeled RNA probe (100 ng/m l). Hybridization 
was performed at 55 °C for 16 h in a humidified chamber. After washing with 2x SSC, 
lx  SSC, 0.5 x SSC at 20°C, sections were pre-incubated in blocking buffer (2% normal 
goat serum, 1% BSA, 0.3% Triton-XlOO in TBS) for 30 min at 20°C and then incubated 
with anti-DIG alkaline phosphatase-conjucated Fab fragments (Roche Diagnostics, 
1:500 in blocking buffer) for 2 h. After washing with TBS and AP-buffer, sections were 
stained using nitro-blue tetrazolium (Roche Diagnostics) and X-phosphate (Roche 
Diagnostics) in AP buffer. Finally, sections were mounted in Mowiol and examined 
under a Leica DM 6000 B microscope.
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Figure 1. Phylogenetic analysis and alignment of Ac45 and Ac45LP protein 
sequences. (A] Sequence alignment. Underlining Transmembrane region; 
asterisks conserved cystein residues. The alignment contains colors utilized 
by the ClustalX coloring algorithm in JalView (conservation grade colors and 
coloring of amino acid residues according to physicochemical criteria].
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Figure 1 continued. (B] Phylogenetic tree. Aa, Aedes aegypti; Ac, Anolis 
carolinensr, Bf, Branchiostoma floridae; Ce, Caenorhabditis elegans; Cf, Canis 
familiaris; Dm, Drosophila melanogaster; Dr, Danio rerio-, Ga, Gasteroteus 
aculeatus; Gg, Gallus gallus; Hs, Homo sapiens; Tg, Taeniopygia guttata; Md, 
Monodelphis domestica; Mm, Mus musculus; Oa, Ornithorhynchus anatinus; Rn,
Rattus norvegicus; XI, Xenopus laevis; Xt, Xenopus tropicalis.
Results
Identification and phylogenetic analyis o f  an Ac45 paralog
With the aim of identifying a structurally related relative of the Ac45 protein, we 
performed data base searches and a phylogenetic analysis using data base sequences 
from a large variety of species: man (Homo sapiens), dog [Canis familiaris'), rat (Rattus 
norvegicus), mouse (Mus musculus), opossum (M onodelphis dom estica), Platypus 
(jOrnithorhynchus anatinus), chicken (Gallus gallus), zebra finch (Taeniopygia g u tta ta ), 
lizard {Anolis carolinensis), frog (Xenopus laevis and Xenopus tropicalis), zebrafish 
(Danio rerio), stickleback (Gasteroteus aculeatus), lancelet (Branchiostom a floridae), 
mosquito [Aedes aegypti), fly (Drosophila m elanogaster) and worm (Caenorhabditis 
elegans). An overview of the identified genes is provided in Supplemental Table SI. 
To construct the phylogenetic tree, the ancestral Ac45 genes of Drosophila, C. elegans, 
Aedes aegyp ti and Branchiostom a floridae  were used as outgroups. Two separate 
branches were distinguished. The first branch contains the original Ac45 protein 
which has been found in vertebrates ranging from amphibians [Xenopus) and fish 
[Danio rerio) to mammals but not in birds [G. gallus  and T. g u tta ta ). The second  
branch harbors a group of Ac45-related proteins (Fig. 1A, B). As for Ac45, the primary 
structures of these newly identified Ac45 paralogs were characterized by the presence 
of two conserved cysteine residues and a highly homologous transmembrane domain. 
However, these Ac45-related proteins differed from Ac45 itself by the absence
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of the typical proline-rich region (amino acids 249-265 in hum an Ac45, Fig. 1A , 
(Schoonderw oert and  M artens, 2002 a)) and  a distinct C- tail. These characteristics 
led us to nam e this group Ac45-like proteins (Ac45LPs). Based on the results of our 
da ta  base searches and phylogenetic analysis, we identified Ac45LPs only in birds 
(G. gallus  and  T. g u tta ta ), frogs (X. laevis and X. tropicalis), lizard (A carolinensis) and 
Platypus (0 : anatinus), leading to the conclusion th a t the Ac45LP is found solely in 
te rtrapods and  no t in placental mammals.
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Figure 2. The evolutionary history of the Ac45 and Ac45LP genes. (A]
Schematic overview of genes surrounding the (presumptive] Ac45LP- and 
Ac45 genes. The Ac45LP gene was identified in chicken and Xenopus, but not 
in zebrafish. In human and mouse, only a remnant of the presumptive Ac45LP 
gene (exon 9] was found. The Ac45LP-neighbouring genes were fully conseived.
The Ac45 gene and its neighboring genes were fully conseived among species, 
with the exception of chicken. (B] Alignment of the partial human and mouse 
presumptive Ac45LP amino acid sequences (deduced from exon 9 Ac45LP 
sequences] with Ac45LP amino acid sequences from various species. Asterisk 
Stop codon preceding the exon 9 Ac45LP open reading frame. Ac, Anolis 
carolinensr, Gg, Gallus gallus; Hs, Homo sapiens; Tg, Taeniopygia guttata ; Mm,
Mus musculus; Oa, Ornithorhynchus anatinus; XI, Xenopus laevis; Xt, Xenopus 
tropicalis. (C] Lineage-dependent evolutionary fate of the Ac45- and Ac45LP 
genes.
Loss o f  the Ac45LP gen e in p lacen ta l m am m als
We studied  the Ac45LP gene of the am phibian X. tropicalis as a represen tative of the 
te rtap o d  species. Browsing the transla ted  X. tropicalis genom ic database (Ensemble 
Genome Browser) w ith the X. tropicalis Ac45LP am ino acid sequence as ba it revealed, 
ap a rt from  the Xenopus tropicalis Ac45 gene (ten exons) located on scaffold 1144, the
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Ac45LP gene situated at scaffolds 121  and 856  (ten exons).
To gain m ore insight into the evolutionary history o f the Ac45LP gene, w e studied  
the genom ic sequences flanking the Ac45LP gene in human, m ouse, chick, Xenopus 
and fish. In Xenopus, the surrounding genom ic region o f the Ac45LP gene consists  
o f the gen es ASB15 and IQUB upstream  o f Ac45LP, and genes SLC13A1 and FEZF1 
dow nstream  o f Ac45 LP. On chicken chrom osom e 1, the structural organizations o f these  
genes, including that o f the Ac45LP gene, w ere fully conserved (Fig. 2A). On human  
chrom osom e 6 and m ouse chrom osom e 7 the locations o f  the Ac45LP-neighbouring  
gen es w ere also conserved; however, in the regions b etw een  the m am m alian IQUB 
and SLC13A1 genes, w e surprisingly identified  only a partial sequence o f exon 9 of 
the Ac45LP gen e (Fig. 2A, B). In fish, the potential Ac45LP-surrounding genes w ere  
also fully conserved, but this sp ecies lacked any Ac45LP-related genom ic sequences  
w ithin  this chrom osom al fragm ent (Fig. 2A).
W ith resp ect to the Ac45 gene, in human, m ouse, frog and fish w e found com plete  
conservation o f  its neighbouring genes, RPL-10, TAZ (upstream ), GDI1 and FAM50A 
(dow nstream ). In contrast, w e did n ot identify the Ac45 gen e in chick and found the 
A c45-neighbouring genes to be scattered over a num ber o f chrom osom es (Fig. 2A). 
We conclude that in placental m am m als the Ac45LP gen e and in birds the Ac45 gene  
have been  lost, and that in other tetrapods both the Ac45 and the Ac45LP gen e are 
still present (Fig. 2C).
<i Figure 3. Exogenous expression of Ac45 and Ac45LP in 
*£> Xenopus embryos. Western blot analysis of lysates of embiyos
^  ^  injected with synthetic Ac45 mRNA or Ac45LP mRNA. Ac45 and 
Ac45LP proteins were detected with an anti-Ac45-C antibody 
and visualized by chemoluminescence.
62 kDa ■
40 kDa ,
Molecular cloning and characterization ofAc45LP in Xenopus laevis
To characterize the newly identified Ac45LP, we decided to clone the cDNA encoding the 
Ac45LP ofX. laevis. To this end, we performed a BLAST search using the translated Xenopus 
laevis EST database (NCBI) and identified a number of 5’ and 3’ ESTs encoding partial 
protein sequences with a low degree of amino acid sequence identity to the N-terminal 
and C-terminal regions of the Xenopus Ac45 protein (31% and 39%, respectively). Based 
on these ESTs, we designed PCR primers and cloned a full-length Xenopus cDNA from a 
developmental stage-25 X. laevis cDNA pool. This cDNA contained a 1359-bp open reading 
frame (0 RF) encoding a protein of453 amino acids. The newly identified amino acid sequence 
showed 36.1% identity and 51.6% similarity with the Xenopus Ac45 protein sequence. 
Structure prediction programs (CBS Prediction Server) showed that the Xenopus Ac45LP 
amino acid sequence contains a potential signal peptide, eight potential N-glycosylation 
sites and a transmembrane region followed by a short cytoplasmic tail. Remarkably, the 
pairs of cysteins in the portion just N-terminal of the transmembrane region have also been 
conserved between Xenopus Ac45 and Xenopus Ac45LP (Supplemental Fig. SI).
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Exogenous expression ofA c45 and Ac45LP in early Xenopus em bryos
To study the biochem ical properties o f the Ac45LP, w e perform ed exogenous protein  
expression  studies in Xenopus em bryos. To this end, one-cell stage Xenopus em bryos 
w ere injected w ith  synthetic Ac45 or Ac45LP mRNAs and extracts o f stage-12 em bryos 
w ere subjected to W estern b lot analysis. Since the ep itope used  for the generation  
o f the anti-Ac45-C antibody (X1311-C, (Holthuis et al., 19 9 9 )) is highly conserved  
b etw een  Ac45 and Ac45LP (Supplem ental Fig. S I), this antibody was successfully  
applied to d etect exogenous Ac45LP expression  in the Xenopus em bryos. The 62- 
kDa intact and glycosylated Ac45 protein as w ell as its cleaved and glycosylated 40- 
kDa form w ere observed  in the lysates o f Ac45-mRNA-injected Xenopus em bryos. In 
contrast, only in the Ac45LP the intact form o f the Ac45LP, w hich m igrated slightly 
slow er than the 62-kDa intact Ac45 protein, w as observed  in the Ac45LP lysates (Fig.
3). Thus, Xenopus Ac45LP is n ot proteolytically cleaved.
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Figure 4. Expression of Ac45 and Ac45LP mRNAs in developing Xenopus.
Total RNA was extracted from Xenopus embryos (developmental stages are 
indicated]. RT-PCR analysis was performed as described in the Materials and 
Methods. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH] served as an 
internal control for RNA integrity. -RT Absence of reverse transcriptase (negative 
control]. Staging of Xenopus embryos was according to Nieuwkoop and Faber 
(Nieuwkoop, 1967].
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Analysis o fA c45 and Ac45LP mRNA expression during Xenopus developm ent
A series o f Xenopus developm ental stages w as analysed for expression o f Ac45 and 
Ac45LP mRNAs. Reverse transcriptase (RT)-PCR analysis sh ow ed  that Ac45 mRNA 
was expressed  in all m aturing oocyte stages and in all developm ental stages analyzed. 
In contrast, Ac45LP mRNA expression  w as found only from gastrulation stage (stage 
11) onwards but decreased  after stage 24  (Fig. 4). It w ould  appear that Ac45 mRNA 
is both a m aternal and an em bryonic transcript, w hereas Ac45LP mRNA is only 
em bryonically expressed.
We then applied w hole-m ount in situ  hybridization on stage-30 Xenopus em bryos 
w ith an Ac45 as w ell as an Ac45LP DIG-labeled probe. Hybridization w ith  the Ac45
Ac45 anti-sense Ac45 sense
Figure 5. W hole-mount in situ  
hybridization for Ac45 and Ac45LP 
mRNAs in stage-30 Xenopus 
embryos. Hybridizations with Ac45- 
anti-sense- (A] and Ac45-sense (B] 
DIG-labeled probes. Ac45 mRNA 
expression was predominantly found 
in developing neural tissues (brain, 
spinal cord and eye]. (C] No signals 
were observed with the Ac45LP-anti- 
sense probe. (D] Negative control 
using the Ac45LP-sense probe.
anti-sense probe revealed, clear hybridization signals in the developing brain and 
neural tube o f the Xenopus em bryos (Fig. 5A), w hereas no signal w as detected  for the 
A c45-sense probe (Fig. 5B). Using the Ac45LP anti-sense probe, however, w e did not 
observe a hybridization signal (Fig. 5C). These results indicated that the w hole-m ount  
in situ  hybridization technique w as apparently n ot sensitive enough to d etect Ac45LP 
mRNA expression. Taking into account that Ac45LP mRNA expression is presum ably  
low  and spatially restricted in the Xenopus em bryos, w e then applied direct in situ  
hybridizations on Xenopus stage-30 em bryonic sections. Using the Ac45 anti-sense  
probe, w e found strong hybridization signals in the prosencephalon, m esencephalon  
and the developing eye (Fig. 6A, B), thereby supporting our w hole-m ount in situ  
hybridization data; Ac45 mRNA expression  in neural crest cells distributed betw een  
the pharyngeal arches (Fig. 6B). No signals w ere detected  for the A c45-sense probe 
(Fig. 6C).
Only a lo w  level o f  Ac45LP mRNA expression w as detected  in the developing brain 
(Fig. 6D) and eye (Fig. 6E), but w hen the the direct hybridization approach w as used, 
surprisingly clear signals w ere found in neural crest cells b etw een  the pharyngeal 
arches (Fig. 6E, F) and m igrating through the ventral m esoderm  (Fig. 6G). No
A B
Ac45LP anti-sense Ac45LP sense
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hybridization signals w ere detected  w ith  the Ac45LP sen se  probe (Fig. 6H],
Thus, both Ac45 and Ac45LP mRNAs w ere expressed  in Xenopus em bryos w ith  the 
highest Ac45 mRNA expression  levels in developing brain, eye and neural crest cells; 
in contrast, the level o f Ac45LP mRNA expression w as relatively low  in neural tissu es  
but high in m igrating neural crest cells.
Tissue d istributions ofA c45  and Ac45LP mRNA in adu lt Xenopus
The mRNA distributions o f Ac45 and Ac45LP w ere studied in tissu es o f  adult 
Xenopus. In agreem ent w ith  earlier studies that included other species (Feng et al., 
2008; Holthuis et al., 1995; Louagie e t  al., 2008; Supek et al., 1994), Ac45 mRNA w as 
ubiquitously expressed  w ith a higher abundance in neuronal and neuroendocrine  
tissu es o f adult Xenopus (Fig. 7). Remarkably, and in contrast to Ac45, the expression  
o f Ac45LP mRNA w as restricted to the kidney and the lung o f adult Xenopus (Fig. 7).
Figure 6. Expression of Ac45 and Ac45LP 
mRNAs in neural tissue and neural crest cells 
of Xenopus embryos. Sections of developmental 
stage-30 Xenopus embiyos hybridized with an 
Ac45-anti-sense probe showed Ac45 expression 
in the developing brain (A], in migrating neural 
crest cells between the phaiyngeal arches and in 
the developing eye (B airows). No signals were 
detected with the Ac45-sense probe (C). Ac45LP 
mRNA expression was detected in the developing 
brain (D], in the migrating neural crest cells (E, F] 
and to a lower extent in the developing eye (E). 
Ac45LP mRNA-positive cells were also detected 
in the ventral mesoderm (G). No hybridization 
signal was found with the Ac45LP-sense probe 
(H). Asterisk Non-specific staining. E, eye; Pros 
prosencephalon; Mes mesencephalon.
Conclusion
In the study reported here, w e screened  EST and genom ic databases, and identified  
the novel type I transm em brane protein Ac45LP that is related to the V-ATPase 
accessory subunit Ac45. To date, no isoform  o f a V-ATPase accessory subunit has been  
described. Our phylogenetic analysis show ed  that the Ac45LP is highly conserved in
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tetrapod species, but that the gen e w as lo st in placentals. This presum ptive gen e loss  
is supported by our identification o f just a partial Ac45LP exon 9 sequence located in 
both hum an and m ouse chrom osom al regions syntenic to the Ac45LP genom ic region  
in other tetrapods. Our search for Ac45LP sequences w as successfu l in m am m als only  
up to the Platypus, a M onotrem ate species. It w ould  appear that during evolution, 
probably w hen the placentals and the m arsupials diverged from the m onotrem es, the 
function o f the Ac45LP w as lo st in the placental species, w hereas the tw o regulators 
of the V-ATPase w ere sustained  in other tetrapods. Intriguingly, the com plete Ac45LP 
gene is present in birds, w hile our database searches did n ot identify any Ac45 gene  
fragm ents leading us to conclude that the avian Ac45 gene has apparently been  lost  
and that in birds Ac45LP acts as the only A c45-related V-ATPase accessory subunit. 
The overall structural characteristics o f the Ac45LP clearly sh ow  sim ilarities w ith  those  
of the Ac45 protein; both polypeptides are highly glycosylated type I transm em brane 
proteins w ith  conserved cystein residues and a short C-tail. The Ac45 C-tail contains 
an autonom ous targeting sequence, TMDRFDDPKG, that is highly conserved  am ong  
species (Jansen e t  al., 1998; Schoonderw oert and Martens, 2002a). Interestingly, 
this targeting signal is nearly identical to that in the Ac45LP (TNDKFDDPKG) and 
these signals m ay thus allow  the co-existence o f V-ATPases containing Ac45LP and 
V-ATPases containing Ac45 in the sam e m em brane. On the other hand, the subtle 
variations in the targeting signals m ay direct Ac45LP to a cellular subcom partm ent 
distinct from that o f Ac45, allow ing each o f  the tw o proteins to execute a specific 
control o f the V-ATPase.
Si Lu Te St Ov Li Sp Ga Ki Br Mu He Oo Rt-
Ac45LP —  _  514 bp 
GAPDH ..................................... .................................... ........................................ -  264 bp
Figure 7. Tissue distributions of Xenopus Ac45 and Ac45LP mRNAs. RNA
was extracted from various tissues and RT-PCR analysis was performed as 
described in the Material and Methods. GAPDH served as an internal control for 
RNA integrity. Si, small intestine; Lu, lung; Te, testes; St, stomach; Ov, ovary; Li, 
liver; Sp, spleen; Ga, gall bladder; Ki, kidney; Br, brain; Mu, muscle; He, heart; Oo, 
oocytes, RT-, absence of reverse transcriptase (negative control].
The exogenous Ac45 protein w as cleaved in developing Xenopus em bryos injected  
w ith synthetic mRNAs, but the Ac45LP w as not. Cleavage o f the Ac45 protein has 
been  show n to be a prerequisite for its transport through the secretory pathway  
o f neuroendocrine Xenopus m elanotrope cells (Jansen et al., 2008). Furthermore, a 
reduced proteolytic processing o f Ac45 in furin 7 pancreatic p-cells is thought to be the 
cause o f the im paired granular acidification found in these cells (Louagie e t  al., 2008). 
The fact that the Ac45LP sequence does n ot harbor a potential proprotein cleavage 
site is in line w ith  our observation that Ac45LP is n ot cleaved in the injected Xenopus 
em bryos. Ac45LP functioning does n ot seem  to require its cleavage. It is p ossib le that
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V-ATPases containing uncleaved Ac45LP and V-ATPases containing cleaved Ac45 
are targeted to d istinct subcom partm ents an d /or  contain different sets o f subunit 
isoform s allow ing differential functioning o f the enzym e complex. However, w e can 
n ot exclude the possib ility  that proteolytic processing o f Ac45LP does occur in other 
cell types.
The presence o f Ac45 mRNA in oocytes and in pre-gastrulation em bryonic stages is 
in teresting in that it points to a role for Ac45 in correct V-ATPase functioning during  
early developm ental processes. V-ATPase-dependent proton fluxes have been  show n  
to be critical for the regulation o f correct left-right asym m etry in early em bryos 
(Adams e t  al., 2006). The absence o f Ac45LP expression  in these early developm ental 
stages suggests that only Ac45 and-notA c45L P - is involved in proton pum ping during  
early em bryogenesis. The o n set o f Ac45LP mRNA expression  at Xenopus em bryonic  
stage-11 coincides w ith  the first signs o f neural crest induction (Mayor et al., 1995). 
Intriguingly, the w ithdrawal o f neural crest from stage-25 spinal cords onwards 
(Nieuwkoop, 19 6 7 ) runs parallel w ith  the reduction in Ac45LP mRNA expression. The 
detection  o f both Ac45 and Ac45LP mRNA in m igrating neural crest cells suggests  
a role for specialized  V-ATPase functioning at these later developm ental stages. For 
instance, the V-ATPase m ay regulate the secretion  o f  p lasm inogen activators that 
function in the breakdown o f extracellular m atrix tissu e com ponents during neural 
crest cell m igration (M enoud et al., 1989).
A rem arkable finding w as the restricted expression  o f Ac45LP in only lung and 
kidney o f Xenopus. Interestingly, both lung and kidney express specific V-ATPase 
subunit isoform s in specialized  cell types (Jefferies et al., 2008). In m am m als, the 
lung epithelium  contains tw o kinds o f pneum onocytes, nam ely alveolar cell type I 
that functions in gas exchange and type II alveolar cells expressing V-ATPase subunit 
isoform s in lam ellar bodies that store and secrete surfactants and are thought to 
control the extracellular pH in the alveolus by active proton secretion (Lubman et al., 
1989). The frog lung, however, contains only one type o f pneum onocyte, com bining  
both alveolar type I and II functions (Berezin and da Silva Sasso, 1974; Meban, 1973). 
One possib ility  is that the tw o com bined functions o f the frog pneum onocyte are 
m ade possib le due to the presence o f both Ac45 and Ac45LP. W ith resp ect to the 
presence o f Ac45LP in Xenopus k idney it is in teresting to note that in am phibians 
the m esonephros is extended w ith  additional posterior tubules and forms the 
opisthonephros as the functional kidney; in contrast, the m am m alian adult functional 
kidney develops from the m etanephros (Kardong, 2 002). It rem ains to be established  
w hether the availability o f the Ac45LP underlies this difference in the origin o f  the 
m am m alian and frog kidney.
Of evolutionary in terest is the absence o f Ac45LP in n ot only m am m als but also fish. 
It w ould  appear that n ot only the m am m alian lung and kidney can function w ithout 
Ac45LP but also the gills that in fish represent the equivalent o f the m amm alian  
pulm onary and renal cells (Evans et al., 2005 ). Thus, these tw o evolutionary clearly 
separated groups o f animals apparently function in the absence o f Ac45LP.
In conclusion, w e identified  the first isoform  o f a V-ATPase accessory subunit and  
determ ined  that this novel protein shares biochem ical characteristics w ith  Ac45 
w ith the exception o f its post-translational proteolytic processing and its expression  
pattern both during developm ent and in the adult. The Ac45LP represents an Ac45 
paralog that probably arose from an ancestral Ac45 gene duplication event, and the
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duplicated gene w as sustained  in tetrapod species. However, in placental m am m als 
the Ac45LP gene w as lost. We conclude that in non-m am m alian tetrapods n ot only 
‘com m on’ V-ATPase subunit isoform s but also an isoform  o f the accessory subunit Ac45 
m ay contribute to yet another level o f V-ATPase regulation during neurodevelopm ent 
and in specialized  cells.
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Supplemental Figures
Gene Species Unigenes / Gl
Ac45 Homo sapiens Hs.6551
Ac45 Canis familiaris Cfa.3941
Ac45 Mus musculus Mm.477757
Ac45 Rattus norvegicus Rn.93045
Ac45 Ornithorhynchus anatinus Oan.4478
Ac45 Monodelphis domestica gi: 126341990
Ac45 Anolis carolinensis gi:190243080 / gi:190298902
Ac45 Xenopus laevis XI.235
Ac45 Xenopus tropicalis Str.35703
Ac45 Danio rerio Dr.76858
Ac45 Gasteroteus aculeatus Gac.8810
Ac45 Branchiostoma florldae gi:219492536
Ac45 Caenorhabditis elegans Cel.17707
Ac45 Drosophila melanogaster gi:220943469
Ac45 Aedes aegypti Aae.3568
Ac45LP Ornithorhynchus anatinus gi: 149411668
Ac45LP Gallus gallus Gga.23512
Ac45LP Taeniopygia guttata gi:224093526
Ac45LP Anolis carolinensis gi: 125791634
Ac45LP Xenopus laevis XI.24922
Ac45LP Xenopus tropicalis Str. 15413
Table SI. Unigenes and gene identities used in this study
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Supplemental Figure S1. Alignment of the amino acid sequences of Xenopus 
Ac45 and Xenopus Ac45LP. Identical amino acid residues (yellow), and similar 
amino acids (green) are indicated. Black arrows indicate the predicted signal 
peptide cleavage sites. The red arrow indicates the potential furin cleavage site 
in the Ac45 protein. The grey arrow indicates the position of the first amino 
acid of cleaved-Ac45 isolated from bovine adrenal chromaffin granules (Supek 
et al., 1994). Potential N-glycosylation sites are indicated by red asterisks for 
Ac45 and blue asterisks for Ac45LP. The conserved cysteines are boxed. The 
C-terminal epitope of the anti-Ac45-C antibody is underlined. SP, signal peptide; 
TM, transmembrane region.
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Appendix to chapter 5 
Non-redundancy between Ac45 and its isoform Ac45LP
In chapter 5 w e described the d iscovery o f Ac45LP, a novel kidney- and lung-specific 
protein w ith  structural sim ilarity to Xenopus Ac45. In contrast to Ac45 mRNA, Ac45LP 
mRNA is n ot expressed  in the Xenopus brain (chapter 5). In this appendix, w e studied  
w hether Ac45LP mRNA w as expressed  in neuroendocrine Xenopus interm ediate  
and anterior pituitary cells. RT-PCR analysis revealed that both pituitary lobes w ere  
devoid  o f  Ac45LP mRNA (Fig. A1). Since Ac45 mRNA w as readily detected  (Fig. A1) 
and since its expression  has been  show n to be co-induced w ith  POMC expression in 
activated Xenopus m elanotrope cells (Holthuis et al., 1995), w e conclude that in these  
pituitary cells, Ac45 but n ot Ac45LP is a regulator o f the V-ATPase.
NIL AL Br Ki Lu 
Ac45 ~  "* •  - 450 bp 
Ac45LP mam - -  -514 bp
GAPDH • «  m b  -264 bP
Figure A1. Ac45LP mRNA is not expressed in pituitary cells of Xenopus 
laevis. Total RNA was extracted from various Xenopus tissues and RT-PCR 
analysis was performed. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
served as an internal control for RNA integrity. RT-, absence of reverse 
transcriptase (negative control). NIL, neurointermediate lobe; AL, anterior lobe.
To study the m olecular characteristics o fth e Ac45LP and test any functional redundancy  
b etw een  Ac45 and Ac45LP, w e generated transgenic Xenopus lines expressing different 
forms o f Ac45LP specifically in the interm ediate pituitary m elanotrope cells. First, 
w e expressed  intact-Ac45LP w ith  GFP either N-or C-terminally fused (GFP/intact- 
Ac45LP and intact-Ac45LP/GFP, respectively). Second, w e expressed  an N-terminally- 
truncated Ac45LP, representing the counterpart o f cleaved-Ac45 (the functional 40- 
kDa Ac45 protein; chapter 2) and w ith  GFP fused to its N-term inus (GFP/cleaved- 
Ac45LP).
We exam ined the m olecular w eights o f the respective Ac45LP fusion proteins 
produced by the transgenic m elanotrope cells by W estern b lot analysis using an anti- 
GFP antibody. In this study, w e also included the analysis o f  intact-Ac45/GFP-, GFP/ 
intact-Ac45- and G FP/cleaved-Ac45- transgenic interm ediate pituitaries. As show n  
in chapter 4, the intact-Ac45/GFP as w ell as GFP/intact-Ac45 transgene products 
m igrated at a m olecular w eight o f ~ 9 0  kDa and their cleavage products at ~ 7 0  kDa 
(C-terminal portion o f Ac45 w ith  GFP) and ~ 5 0  kDa (N-terminal portion o f Ac45 
w ith GFP), respectively. Both intact-Ac45LP/GFP fusion proteins also m igrated at a 
m olecular w eight o f ~ 9 0  kDa but no cleavage products w ere found (Fig. A2A). From 
these results, w e conclude that the Ac45LP protein is n ot proteolytically p rocessed
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in the neuroendocrine m elanotrope cells, an observation sim ilar to our previous 
findings in Xenopus em bryos (chapter 5). The GFP/cleaved-Ac45LP transgene product 
w as found as an ~ 7 0  kDa protein and its expression  level w as com parable w ith that o f  
GFP/cleaved-Ac45 (Fig. A2B],
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- 9 0 -
- 7 2 -  {mmm 
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Figure A2. Ac45LP-GFP fusion proteins are not proteolytically cleaved in Xenopus 
interm ediate pituitary m elanotrope cells. (A] Western blot analysis of lysates of GFP/ 
intact-Ac45LP-transgenic neurointermediate lobes (NILs; left blot] and Ac45LP/intact-Ac45LP- 
transgenic NILs (right blot] with an anti-GFP antibody. NILs were derived from individual F0 
animals. GFP/intact-Ac45 (line #452] and intact-Ac45/GFP (line #433] served as positive 
controls. (B] Western blot analysis of Xenopus NILs with transgene expression of GFP/cleaved- 
Ac45 (line #533] and GFP/cleaved-Ac45LP (line #630]. 10% of a total NIL lysate was analysed.
Confocal laser scanning m icroscopy on Xenopus brain /p itu itary cryosections was 
used  to study the intracellular localisation o f the GFP/Ac45LP transgene products. 
Intriguingly, GFP/intactAc45LP w as localized to the ER, w hereas GFP/cleaved-Ac45LP  
w as predom inantly located at the plasm a m em brane o f the m elanotrope cells (Fig. 
A3], Thus, although in vivo  the Ac45LP protein is n ot proteolytically p rocessed  in the 
m elanotrope cells, rem oval o f its N-term inus allow ed the protein to travel through the 
secretory pathway to the plasm a m em brane. This finding is sim ilar to w hat was found 
for Ac45 (Fig. A3 and chapter 2] and raised the question w hether the phenotypes 
observed  for cleaved-A c45-transgenic m elanotrope cells, such as a reduced sensitivity  
for the inhibitory neurotransm itter dopam ine (chapter 4], w ould  also hold for the 
cleaved-Ac45LP-transgenic cells. Therefore, w e perform ed biosynthetic labeling
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experim ents w ith  w ild-type, G FP/cleaved-Ac45- and GFP/cleaved-Ac45LP-transgenic 
neurointerm ediate lobes [NILs] o f  the pituitary. Following labeling, NILs w ere chased  
in the absence or presence o f the dopam ine D2 receptor agonist apom orphine. In the 
absence o f apom orphine, in all NI Ls studied 3 7 -kDa PO MC w as p rocessed  to its 18-kDa 
N-terminal cleavage product w hich w as subsequently released  into the incubation  
m edium. Interestingly, in the presence o f apom orphine processing o f 37-kDa POMC 
to 18-kDa POMC rem ained unaffected in all cases, but the secretion o f 18-kDa POMC 
from the w ild-type and GFP/cleaved-Ac45LP-transgenic NILs w as inhibited, w hereas  
GFP/cleaved-Ac45-transgenic NILs still secreted  18-kDa POMC (Fig. A4 and chapter 
4). Thus, the affected regulation o f  Ca2+-dependent secretion which w as found for 
GFP/cleaved-Ac45-transgenic m elanotrope cells (chapter 4) was n ot observed  for 
GFP/cleaved-Ac45LP-transgenic cells. From th ese  resu lts obtained w ith  a transgenic 
approach in Xenopus m elanotrope cells, w e conclude that Ac45 and Ac45LP represent 
non-redundant proteins. We propose that each o f the tw o proteins plays a separate, 
cell- or organelle-specific role in the regulation o f the V-ATPase.
GFP-intact-Ac45LP GFP-cleaved-Ac45LP GFP-cleaved-Ac45
Figure A3. GFP/cleaved-Ac45LP, but not GFP/intact-Ac45LP, is expressed  
at the plasma membrane of transgenic Xenopus interm ediate pituitary 
m elanotrope cells. Direct confocal laser scanning microscopy for GFP on 
Xenopus brain/pituitary cryosections. (A] The GFP/intact-Ac45LP transgene 
product was localized to the ER of the melanotrope cells. The intracellular 
localization of GFP/cleaved-Ac45LP (B] resembled that of GFP/cleaved-Ac45
(C] since both fusion proteins were found in vesicular structures and at the 
plasma membrane ofthe melanotrope cells. Bar, 10 |im.
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cells medium
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Figure A4. GFP/cleaved-Ac45LP transgene expression does not affect 
the dopaminergic regulation of the m elanotrope cells. Melabolic labeling 
of newly synthesized proteins in wild-type (wt), GFP/cleaved-Ac45 (Ac45-tg) 
and GFP/cleaved-Ac45LP neurointermediate lobes (NILs). NILs were pulse­
labeled for 30 min and subsequently chased for 180 min in the absense (-) and 
presence (+) of apomorphine. 5% of total NIL lysates and 20% of the incubation 
media were directly analyzed on 12.5% SDS PAGE. Proteins were visualized by 
autoradiography.
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Abstract
The vacuolar (H+)-ATPase (V-ATPase] is a proton pum p responsible for granular 
acidification in neuroendocrine and neuronal cells, and is therefore crucial for a variety  
o f biological p rocesses such as correct proprotein processing and neurotransm itter 
vesicle  loading. The V-ATPase accessory subunit Ac45 is a neuroendocrine regulator 
o f the proton pump. Here, w e report the discovery o f an A c45-related glycoprotein, 
denoted  Ac45RP, that is evolutionarily conserved  and p resen t in all vertebrate, but 
n ot invertebrate, sp ecies analyzed. Ac45RP displays regional sim ilarity to Ac45 w ith  
the h ighest degree o f identity in the portion com prising the transm em brane domain, 
but w ith  a shorter lum inal dom ain and a longer cytoplasm ic tail. Intriguingly, unlike 
Ac45 mRNA, expression  o f Ac45RP mRNA w as found exclusively in the m ouse brain, 
w ith the h ighest expression  level in the olfactory bulb. In Xenopus, Ac45RP mRNA 
expression  w as also exclusively in the brain and included the expression  o f two  
Ac45RP mRNA splice variants. In developing Xenopus, Ac45RP expression  coincided  
w ith neuronal induction, and in m ouse em bryos w ith the on set o f neurogenesis  
and peaked during synaptogenesis. In transfected m ouse neuroblastom a N2a cells, 
recom binant haem agglutinin-tagged Ac45RP was localized to subcellular vesicular 
structures. We conclude that Ac45RP is a novel, vertebrate- and brain-specific paralog  
o f the V-ATPase regulator Ac45, thereby potentially providing control o f the proton  
pum p during em bryonic neurodevelopm ent and in adult brain.
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Introduction
The V-ATPase is a proton pum p w hich is essential for m ultiple biological p rocesses  
such as m em brane trafficking, lysosom al protein degradation, receptor-m ediated  
endocytosis (Nishi and Forgac, 2002), bone resorption by osteoclasts (Xu e t  al., 2007), 
prohorm one processing and neurotransm itter uptake and release (Schoonderw oert 
and Martens, 2001). Also, for early developm ental p rocesses such as correct 
em bryonic left-right patterning (Adams et al., 20 0 6 ) and W nt signaling (Cruciat et 
al., 2010 ), the proton gradient evoked by the V-ATPase is crucial. Thus, tight control 
o f V-ATPase targeting and activity over tim e is o f great im portance for an organism. 
The V-ATPase is a m ulti-subunit com plex consisting o f  tw o main sectors. The 
cytoplasm ic V^sector is com posed  o f eight subunits (A-H) and takes care o f the energy  
supply by the hydrolysis o f  ATP. This energy is then used  by the m em brane-bound  
V0-sector that harbors the rotary m echanism  to translocate protons. The V0-sector  
consists o f  five different subunits, nam ely a, e, d, c, c”. Additionally, and depending  
on the cell type and cell organelle, the V0-sector can be equipped w ith  the accessory  
subunits Ac45 (Getlawi et al., 1996; Supek et al., 1994 ) and M8-9 (Ludwig et al., 1998). 
We recently applied a cell-specific transgenic approach in Xenopus neuroendocrine  
m elanotrope cells and identified  Ac45 as an im portant regulator o f  the V-ATPase in 
the regulated secretory pathway o f neuroendocrine cells. An excess o f Ac45 recruited  
endogenous V-ATPase to the secretory pathway com partm ents, increased  V-ATPase 
activity in secretory granules, affected prohorm one processing and increased  the  
Ca2+-dependent secretory capacity o f these cells (Jansen e t  al., 2010a; Jansen e t  al., 
2008). Two other observations provide further support for the im portance o f Ac45 
in V-ATPase regulation. First, furin 7 m ouse pancreatic (3-cells m ost likely contain  
reduced am ounts o f the m ature form o f Ac45 and display an im paired granular 
acidification (Louagie e t  al., 2008 ). Second, in osteoclasts a m utant form o f Ac45 
affected bone resorption, a V-ATPase-dependent process (Feng et al., 2008).
In the past decades, a repertoire o f V-ATPase subunit isoform s has been  characterized  
that provide nature w ith  the possib ility  to generate a num ber o f V-ATPase com plexes, 
each su ited  to perform  their specific function in specialized  cells and in their target 
cell organelles. In yeast, the V-ATPase subunits are encoded  by single genes, except 
for the V0a subunit o f w hich is encoded  by tw o genes for the isoform s V phlp  and 
S tvlp . These V0a isoform s are thought to be responsible for targeting the V-ATPase 
either to the vacuole (V phlp) or to the Golgi (S tv lp ) (Kawasaki-Nishi e t  al., 2001; 
M anolson et al., 1994). In m amm als, m ultiple isoform s o f V-ATPase subunits are 
expressed  in a tissue-, cell- or cell organelle-specific m anner (review ed in Toei et al., 
2010). Mostly, one subunit isoform  is expressed  ubiquitously, w hereas each o f the  
others is expressed  in a specialized  cell, such as the a- or (3-renal intercalated cells, 
the type II alveolar lung cells, narrow  or clear cells o f the epididym is, osteoclasts, 
pancreatic p-cells or neurons. All these cells depend on one or m ore specific V-ATPase 
subunit isoform  to fulfill their specific function (review ed in Toei e t  al., 2010). For 
exam ple, neurons express the V0a l  isoform  that, in contrast to its counterparts (V0a2-
4), contains a conserved  dom ain that interacts w ith  the sm all Ca2+-binding protein  
calmodulin (Zhang et al., 2008). Intriguingly, the V0a l  isoform  is critical for the late, 
post-SNARE and Ca2+-dependent exocytotic fusion event in neurons (H iesinger et al., 
2005), indicating the crucial and non-redundant functioning o f this subunit isoform .
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Recently, w e  id en tified  in Xenopus an A c45-like protein  (Ac45LP) (Jansen e t  al., 
2 0 1 0 b ) . In contrast to the ubiquitously exp ressed  Ac45, Ac45LP exp ression  in 
Xenopus w as restricted  to lung and kidney. Furtherm ore, during d evelopm en t  
Ac45LP exp ression  w as found from  the neural stage onwards, w hereas Ac45  
mRNA w as m aternally exp ressed  and p resen t in all early d evelopm ental stages. We 
h ypothesized  that the Ac45LP m ight regulate the V-ATPase in sp ecia lized  k idney  
and lung cells and during n eu rod evelopm en t (Jansen e t  al., 2010b ).
Here w e report the d iscovery o f a novel protein  that is structurally m ore distantly  
related  to Ac45 than Ac45LP and w e therefore p rop ose to d en ote th is protein  A c45- 
related  protein  (Ac45RP). Ac45RP mRNA is specifically  exp ressed  in the brain  
o f Xenopus and m ouse, and thus represen ts the first brain-specific isoform  o f a 
V-ATPase regulator.
Materials and methods
Anim als and em bryos
Xenopus laevis  w as reared in the Xenopus facility o f the departm ent o f Molecular 
Animal Physiology (Central Animal Facility, Radboud University, Nijmegen). Xenopus 
em bryos w ere obtained by in vitro  fertilization as described  previously (Jansen et 
al., 2010b ). Female BALB/c surplus m ice (12 m onths old) w ere obtained from the 
Central Animal Facility, Radboud University, Nijmegen). Timed, pregnant m ice w ith  
a C57/B16J background w ere euthanized quickly to prevent stress and interference 
w ith drugs. E 10.5-P140 brain w ere carefully d issected , deep frozen in liquid nitrogen  
and kept at -80 °C until RNA isolation.
All animal experim ents w ere carried out in accordance w ith the European 
Com m unities Council Directive 86 /609 /E E C  for animal welfare.
D atabases and phylogenetic and protein  structure prediction analysis 
EST and genom ic sequences w ere derived from NCBI using the TBlastN algorithm  
(h ttp ://w w w .n cb i.n lm .n ih .gov/), Ensembl Genome Browser (h ttp ://w w w .en sem b l. 
org/index.htm l) and UCSC Genome Browser (h ttp ://g en o m e.u csc .ed u /) using  
the BLAT algorithm. Multiple alignm ents o f EST sequences w ere perform ed by 
ContigExpress (Vector NTI Suite 7 softw are package). Nucleotide sequences w ere  
translated using the ExPASy - Translate tool (h ttp ://w w w .exp asy .ch /too ls/d n a .h tm l). 
Alignm ents w ere m ade using ClustalW (h ttp ://w w w .eb i.ac .u k /T oo ls/c lu sta lw 2 / 
index.htm l), ed ited  in JalView 2.3 (W aterhouse et al., 20 0 9 ) and phylogenetic trees  
w ere calculated using the PHYLIP 3.68 package (h t tp : / /e v o lu t io n .g s .W ash in g ton , 
e d u /p h y lip .h tm l)  and p lotted  w ith  TreeDyn (Chevenet et al., 2006 ). An overview  
o f search references is listed  in Supplem entary Table 1. For prediction o f protein  
dom ains and post-translational m odifications, the public CBS Prediction Server 
(h ttp ://w w w .cb s.d tu .d k /serv ices/) was used.
M olecular cloning o f  m ouse and Xenopus Ac45RPcDNA
For m olecular cloning o f the full-length nucleotide sequence o f m ouse Ac45RP, 
cDNA derived from total RNA isolated  from m ouse olfactory bulb w as used  as a 
tem plate. For PCR am plification, High Fidelity PCR Enzyme Mix (Ferm entas) w ith  
prim ers based  on the predicted m ouse gene sequence EG 435376 (m m Ac45RP5’
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UTR forward primer: 5’- CAAATTAACAGATGCGCTTGG-3’ and m m Ac45RP3’UTR 
prim er 5'-AGTCTTTCGGAGATGGCTTG-3'] w as used. A partial Xenopus laevis 
Ac45RP cDNA fragm ent w as am plified from a total Xenopus brain cDNA pool using  
degenerative prim ers based  on Xenopus tropicalis  Ac45RP EST sequence (accession  
num ber C X 827940.2] XtAc45RP-FW-3 5’-GAAACGTTRCAYGARGARATGAT-3’ 
and XtAc45RP- RV-3 5’-ATCTGTACRTTRTGYAAYTGRAACCA-3’. A 335-bp Xenopus 
laevis Ac45RP cDNA fragm ent was amplified, cloned into the pJET2.1 vector 
(Ferm entas] and sequenced. mRNA was purified from Xenopus laevis total 
brain RNA via the Genelute mRNA m iniprep kit (Sigma Aldrich) and used  for 5’- 
and 3’-RACE PCR using the Marathon cDNA am plification kit (Clontech). Next, 
based  on the new ly-identified  Xenopus laevis Ac45RP sequence, prim ers w ere 
designed  for the 5 ’-RACE; XlAc45RP-RV-l 5’-CATTGCAGCTTGATCTTGCAA-3’ 
and XlAc45RP-RV-2 5’-TTAGGAGGAATCTTAATGCAAGTCC-3’ and for the 3’ RACE; 
XlAc45RP-FW3 5’-CTGCTAGAGACTGCACGACCTACATGTC-3’ and XlAc45RP-FW4 
5’-GTTCTGCTGCTGGTTCTGGCCTAT-3’. After sequencing o f the 5’- and 3’-RACE 
cDNA fragm ents, prim ers w ere d esigned  for Xenopus laevis Ac45RP 5’-UTR and 
3’-UTR sequences XlAc45RP-5’UTR-FW 5’-GGAAAAGATCTGCTAGGGTTCTCAA-3’ 
XlAc45RP-3’UTR-RVl 5’-TCTTGGAAACTGTGTTTAATACAAAATC-3’ and used  for 
PCR am plification o f full length Xenopus Ac45RP cDNA from a o f total brain cDNA 
pool. After am plification, both full-length m ouse and Xenopus laevis cDNAs w ere 
subcloned into the pJET2.1 cloning vector (Ferm entas) and inserts w ere sequenced  
on both strands using Pjetl.2-FW  5’-CGACTCACTATAGGGAGAGCGGC-3’ and P jetl.2 - 
RV 5 ’-AAGAACATCGATTTTCCATGGCAG-3’ sequencing prim ers and various internal 
prim ers using the ABI BigDye sequencing kit (Applied Biosystem s).
For cloning o f the haem agglutinin (HA)-tagged Ac45RP m ouse Ac45RP  
(mAc45RP-HA) expression construct, a PCR w as perform ed using  
the full-length m ouse Ac45RP cDNA clone as tem plate and prim ers 
MmAc45RP 5 ’UTR-FW-2 5’-GGGGGAATTCAAATTAACAGATGCGCTTGG-3’ 
and MmAc45RP-HA-RV 5’-CCCCTCTAGATTAAGCGTAATCTGGTACGTCGT
ATGGGTAAATGTAGATTTTGCAGATCTG-3’. The HA-tag sequence w as included in 
the reverse primer. Following am plification, the cDNA fragm ent w as cloned into 
the EcoRI/XhoI sites o f the eukaryotic expression  vector pcDNA3 (Invitrogen).
RT-PCR analysis ofAc45RP mRNA expression in m ouse and Xenopus tissues 
Tissues w ere hom ogenized  in TRIzol reagent (Invitrogen) and 2|.ig total RNA 
from each tissu e w as used  for cDNA synthesis using the ReveredAid first strand  
cDNA synthesis kit (Ferm entas). A 5-tim es diluted total cDNA pool w as used  
in the PCR. Primers used  were: MCDNA-5 5’-CACTGAAAGCTGAGGCTATG-3’ 
and MCDNA-3 5’-CACCGTATGCTGTGAAATCC-3’ for m ouse Ac45 and 
Mouse Ac45LP-FW-3 5;-CTCCAGGGACGGGATTCC-3’ M ouse Ac45LP- 
RV-3 5 ’-GGCCAGCTTGTTGTAATTGGTTA-3’ for m ouse Ac45RP. For 
m ouse actin : Mm B-actin-FW 5’-CTGACCCTGAAGTACCCCATT-3’ and Mm 
B-actin-RV 5’-AGAGGCATACAGGGACAGCA-3’. For Xenopus laevis Ac45: 
X1311-5'SP 5’-AACAGAGATGGCAGCGATGGCGGAATGG-3’ and X 1311- 
3’ RT 5’-CGAGCAGAGAGGGGACACTTTCATT-3’ for Xenopus laevis  Ac45RP. 
XlAc45RP-FW-2 5’-TGAGAATAAAGAGCATCGGCAC-3’ and XlAc45RP-RV-2 
5’-TTAGGAGGAATCTTAATGCAAGTCC-3’. For Xenopus laevis  GAPDH xGAPDH-
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s e n s e  5 ’-GCCGTGTATGTGGTGGAATCT-3’ an d  xG A P D H -an tisen se  
5 ’-AAGTTGTCGTTGATGACCTTTGC-3’. T h e a n n e a lin g  tem p e ra tu r e  w a s  5 8  °C, 
an d  4 0  cy c le s  w e r e  run.
Q u a n tita tiv e  RT-PCR
Total RNA w a s iso la te d  from  n o n -d iffer en tia te d  N 2 a  ce lls , A tT -20 ce lls  or  
m o u se  an d  X en opu s  e m b r y o s /b r a in s  u s in g  TR Izol r e a g e n t  (In v itro g en ) an d  
2 |ig  to ta l RNA w a s  u se d  for cDNA sy n th e s is  u s in g  th e  R evertA id  f irst stran d  
cDNA sy n th e s is  k it  (F erm en ta s). A 1 :1 6  d ilu tio n  o f  th e  to ta l cDNA p o o l w a s  
u se d  in  a 10-^.1 rea ctio n  for q u a n tita tiv e  PCR a n a ly s is  (Q-PCR) u s in g  th e  
SYBRG reen/ROX qPCR k it  (F erm en ta s) u s in g  a R otor-G ene™  6 0 0 0  re a l­
tim e  a n a ly zer  (C orb ett R esearch , Sydney, A u stra lia ). For m o u se  A c45R P  
am p lifica tion , forw ard  p r im er  5 ’-AGATACTTGCCAGGAAGAATGTAGG-3’ 
an d  re v e r se  p r im er  5 ’-TCTGTACTGGTTTCACCTCTCCAC-3’ w e r e  u sed . For 
m o u se  A c45 , forw ard  p r im er  5 ’-TCTGATGGCGCCCAGG-3’ an d  r e v e r se  p r im er  
5 ’-TTGTGCCCAAAACAGGATCC-3’. A s re fere n c e  tra n scr ip ts  p ep tid y l p roly l 
iso m e r a se  (m PPia, forw ard  p r im er  5 ’-ATTTTGGGTCCGGAGCGGCCAT-3’ 
an d  re v e r se  p r im er  5 ’-AGCAGATGGGGTAGGGACGCT-3’) an d  T yrosin e  
3 -m o n o o x y g e n a se /tr y p to p h a n  5 -m o n o o x y g e n a se  activ a tio n  p ro te in  ze ta  
p e p tid e  (Y-W haz, forw ard  p r im er  5 ’-AATAATCAGGATAATGGGTTCCAGTC-3’ an d  
r e v e r se  p r im er  5 ’-TGCATCCACAGGGTGTTTGT-3’) or p -actin  (forw ard  p rim er  
M m  B -actin -F W  5 ’-CTGACCCTGAAGTACCCCATT an d  r e v e r se  p r im er  Mm  
B -actin-R V  5 ’- AGAGGCATACAGGGACAGCA-3 w e r e  u sed . For X en opu s  A c45R P  
a m p lifica tio n  p r im ers  X lA c45R P-R V -l 5 ’-CATTGCAGCTTGATCTTGCAA- 
3 ’an d  X lA c45R P-FW -2 5 '-T G AG AATAAAG AG CAT C G G C AC- 3 ’ w e r e  u sed . 
R eferen ce  g e n e s  w e r e  X en opu s  o rn ith in e  d eca r b o x y la se  (ODC, p r im ers  
X10DC-QPCR-FW1 5 ’-CGTCAATGATGGAGTGTATGGATC-3’ an d  X10DC- 
QPCR-RV1 5 ’-CCTTTCTACGATACGATCCAGCC-3’) an d  GAPDH (p r im ers  
xG A PD H -5’RQ 5 ’-GCTCCTCTCGCAAAGGTCAT-3’ an d  xG A PD H -3’RQ 
5 ’-GGGCCATCCACTGTCTTCTG-3’). qPCR d ata  w e r e  a n a ly zed  b y  eq u a liz in g  th e  
lo w e s t  Ct v a lu e  to  1 an d  ca lcu la tin g  th e  re la tiv e  Q -valu es o f  th e  g e n e s  o f  in terest. 
T h e n o rm a liz a tio n  factor for th e  r e fere n c e  g e n e s  w a s d e te r m in e d  u s in g  th e  
GeNORM p rogram  (m e d g e n .u g e n t .b e /g e n o r m ) an d  u se d  to  n o rm a liz e  th e  
Q -values. In d iv id u a l e x p e r im e n ts  w e r e  p er fo r m e d  in trip lica te .
Cell cu ltu re  a n d  tra n sfec tio n
M ou se n e u r o b la sto m a  N 2 a  c e lls  w e r e  cu ltu red  in c o m p le te  MEM m ed iu m  
(PAA) co n ta in in g  10%  feta l b o v in e  seru m  (PAA). M ou se  a n ter io r  p itu ita ry  AtT- 
2 0  ce lls  in  c o m p le te  DMEM co n ta in in g  7%  h o r se  seru m  an d  7%  feta l b o v in e  
se ru m  an d  COS-1 c e lls  in  DMEM su p p le m e n te d  w ith  10%  feta l b o v in e  seru m . 
All c e lls  w e r e  m a in ta in ed  a t 37°C an d  5 .5  % C 02 a tm o sp h ere . One d ay  p r io r  to  
tra n sfec tio n , ce lls  w e r e  s e e d e d  in to  1 2 -w e lls  p la te s  a t  a c o n flu e n c y  o f  ~ 7 0 % . 
Cells w e r e  tra n sfe c ted  u s in g  L ip o fecta m in e  2 0 0 0  (In v itrogen ) a cco rd in g  to  th e  
m a n u fa c tu re s’ g u id e lin es . E x p re ss io n  o f  th e  re co m b in a n t p ro te in s  w a s  a llo w e d  
for  2 4  h ou rs. T h e e x p r e ss io n  co n str u c t  for  m y c-ta g g ed  s ia ly ltr a n sfe ra se  w a s  
a k in d  g ift o f  Dr. S. M unro (MRC L ab oratory  o f  M olecu lar B iology, C am bridge, 
UK).
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Immunofluorescence assay
Cells cultured on coverslips w ere w ashed tw ice w ith phosphate-buffered saline 
(PBS) and fixed w ith 4% parafomaldehyde/PBS for 1 hour at room tem perature (RT). 
Then, cells w ere w ashed w ith PBS/50mM  NH4C1 and perm eabilized w ith PBS/0.1%  
TritonXlOO (PBS-T). Subsequently, cells were incubated with a rabbit-anti-HA (HA- 
probe (Y -ll), Santa Cruz Biotechnology, 1:500) antibody or/and  with the anti-myc 
m onoclonal antibody 9E10 (Evan et al., 1985) in blocking buffer (PBS-T/1% BSA) for 
16 hours at 4 °C. Following PBS w ashing steps, cells were incubated for 1 hour at RT 
with the secondary antibody (Goat anti-rabbit-Alexa488 (Molecular Probes, 1: 200) 
and Goat-anti-mouse -Alexa 568 (Molecular Probes, 1:200) in blocking buffer. Finally, 
cells w ere w ashed w ith PBS, MilliQ water, dehydrated w ith isopropanol, air dried 
and em bedded in Mowiol containing 2.5 |iM DAPI to visualize the nuclei. Microscopic 
imaging w as performed using an Olympus FV1000 laser scanning microscope.
Protein isolation, protein deglycosylation and Western b lo t analysis
Cells grown in 12 -wells plates were w ashed w ith PBS and lysed in 200  |.tl lysis buffer.
A variety of lysis buffers w ere used: standard lysis buffer (50 mM Hepes pH 7.4, 140  
mM NaCl, 0.1% Triton-X100,l%  Tween-20, 0.1% deoxycholate), RIPA buffer (150mM  
NaCl, 1% NP-40, 0.5% SDS, 50mM Tris pH8.0, 2mM EDTA) or Cracking buffer (0.01  
M Na phosphate buffer, pH 7.4, 1% (B-mercatoethanol, 1% SDS, 6M Urea). Following 
lysis in RIPA- or Cracking buffer, the lysates w ere sonicated to shear the chrom osomal 
DNA. For protein deglycosylation, cell lysates w ere treated with or w ithout 
N-glycosydase F (Roche Diagnostics) for 1 hour at 37 °C before loading on 10% SDS- 
PAGE. Following separation, proteins w ere transferred to PVDF mem brane (Amersham  
Biosciences) and incubated w ith the rabbit-anti-HA polyclonal antibody (1: 1500) and 
secondary peroxidase-conjugated Goat-anti-rabbit antibodies (1: 5000) followed by 
chem olum inescence (LumiLight Plus, Roche). Signals w ere detected using a Bioimaging 
system  w ith Labworks 4.0 software (UVP Bioimaging Systems, Cambridge, UK).
Results
Identification and phylogenetic analysis o f  the gene encoding Ac45RP
To identify sequences related to the Ac45  sequence, w e searched public genom ic and 
EST databases w ith the m ouse Ac45  nucleotide sequence as bait. In m ouse genom ic 
databases, w e found a thus far unknown gene (Ac45RP) on m ouse chrom osom al region  
13C3 w ith sequence sim ilarity to the m ouse Ac45  gene located on chrom osom e X28q. 
Ac45RP consists of 7 exons and contains an open reading frame of 1008  nucleotides (Fig. 
2A). Using the newly identified m ouse Ac45RP amino-acid sequence as bait w e then  
searched for Ac45RP protein sequences in other species. We identified orthologues of 
Ac45RP in a variety of vertebrate species, including human (Homo sapiens), dog (Canis 
fam iliaris), rat (Rattus norvegicus), m ouse (Mus musculus), opossum  (Monodelphis 
dom estica), chicken (Gallus gallus), zebra finch ( Taeniopygia g u tta ta ), lizard (Anolis 
carolinensis), frog (Xenopus tropicalis), Platypus (Ornithorhynchus anatinus), zebrafish 
(Danio rerio) and stickleback (Gasteroteus aculeatus).
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Figure 1. Phylogenetic analysis and alignm ent of Ac45 and Ac45-RP protein  
sequences. (A] Phylogenetic tree. Aa, Aedes aegypti; Ac, Anolis carolinensr, Bf, 
Branchiostoma floridae; Ce, Caenorhabditis elegans; Cf, Canis familiaris; Dm, 
Drosophila melanogaster; Dr, Danio rerio; Ga, Gasteroteus aculeatus; Gg, Gallus 
gallus; Hs, Homo sapiens; Tg, Taeniopygia guttata; Md, Monodelphis domestica;
Mm, Mus musculus; Oa, Ornithorhynchus anatinus; Rn, Rattus norvegicus; XI, 
Xenopus laevis; Xt, Xenopus tropicalis. (B] Sequence alignment Transmembrane 
region is boxed; Furin recognition sequence in Ac45 is indicated by a dotted 
line. Asterisks indicate the conserved cystein residues. The alignment contains 
colors utilized by the ClustalX coloring algorithm in JalView (conservation 
grade colors and coloring of amino acid residues according to physicochemical 
criteria].
No Ac45RP  sequences w ere found in nonvertebrate species such as lancelet 
(Branchiostoma floridae), m osquito [Aedes aegypti), fly (Drosophila m elanogaster), 
and w orm  (Caenorhabditis elegans).
To construct a phylogenetic tree, w e u sed  the ancestral Ac45  gen es o f Drosophila, 
C. elegans, A. aegyp ti and B. floridae  as outgroups. In addition to the branches 
representing the previously described  groups o f  Ac45  and Ac45LP  (Jansen et al., 
2010b ), a third branch o f the phylogenetic tree w as n o w  identified, representing the 
group o f Ac45RPs. From this phylogenetic analysis it becam e clear that the Ac45RP  
branch represents a d istinct group o f genes in vertebrate species, ranging from  
m am m als to birds, am phibians and fish, but n ot in invertebrates (Fig. 1A).
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Figure 1. continued
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Alignm ent o f the prim ary protein sequences o f the identified  Ac45RP orthologs 
revealed that during evolution the Ac45RP protein has been  highly conserved, 
w ith the h ighest degree o f sequence identity found in the region containing the 
transm em brane domain. Interestingly, the carboxy-terminal region o f fish Ac45RP is 
clearly d istinct from those o f  the other Ac45RP orthologs (Fig. IB ). Comparison o f the 
Ac45 and Ac45RP protein sequ en ces sh ow ed  that Ac45RP is characterized by a longer 
carboxy-term inal tail and a shorter am ino-term inal dom ain than Ac45, and lacks an 
endoprotease furin recognition sequence (Fig. IB ) w hich has been  identified  in the 
Ac45 lum inal dom ain (RPSRVAR, Louagie e t  al., 2008).
A Mm Ac45RP
X Ac45RP-FL - + ^ + g + g + ^ ^ + g +
B  X clone 11
X Clone 6 • —  * h  ' n ' 7 a 1
Figure 2. Genomic organization of the m ouse and Xenopus Ac45RP genes 
and potential alternative splicing of Xenopus Ac45RP mRNA (A] Schematic 
overview of the mouse and Xenopus Ac45RP genes. The structural organization of 
the Ac45RPgene is evolutionary conserved. (B] Representation oftwo potential 
Ac45RP splice variants isolated from a Xenopus laevis brain cDNA pool. cDNA 
clone 11 lacked exon 6 (according to the Xenopus tropicalis genomic sequence].
In this sequence two additional nucleotides from exon 7 were deleted, placing 
exon 7 out of frame. In cDNA clone 6, both exons 3 and 4 were excluded thereby 
placing exons 5-7 out of frame. Asterisks, stop codon.
M olecular cloning o f  the cDNAs encoding m ouse and Xenopus Ac45RP
To characterize the n ew  Ac45 family m em ber Ac45RP, w e decided  to clone the m ouse  
and Xenopus laevis Ac45RP cDNAs. The m ouse Ac45RP cDNA consists o f an open  
reading frame (ORF) o f 1008  nt, encoding a protein o f 336  am ino acids. The Xenopus 
laevis Ac45RP cDNA contains an ORF o f 1065  nucleotides, encoding a 355-am ino acid 
protein. In addition to the full-length Xenopus Ac45RP cDNA, w e also isolated  m ultiple 
clones representing tw o Ac45RP cDNA variants that w ere clearly sm aller com pared to 
the full-length form. Two different Ac45RP mRNA splice variants could be recognized. 
In the largest variant (clone 11) exon 6 (according to the Xenopus tropicalis  genom ic  
sequence) w as m issing. It appeared that in this sequence tw o additional nucleotides  
from exon 7 w ere deleted, placing exon 7 out o f frame. In the sm aller splice variant 
(clone 6) both exons 3 and 4 w ere excluded thereby placing exons 5-7 out o f frame 
(Fig. 2B). The origin o f these cDNAs is presently unclear. Currently, w e cannot exclude 
that the occurrence o f these products has a technical background, nam ely im proper 
cDNA synthesis by the reverse transcriptase. On the other hand, however, these
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mRNAs m ight be naturally occurring variants expressed  in vivo  in Xenopus brain. 
Alignm ent o f the m ouse and Xenopus Ac45RP am ino acid sequences revealed 37%  
identity and 51% sim ilarity b etw een  the tw o species, w ith  a relatively low  degree  
o f conservation in the extrem e amino- and carboxy-term inal regions o f the proteins, 
except for a stretch o f nine amino acids [ECYELRQ/NQQ] in the carboxy-terminal 
portion Both m ouse and Xenopus Ac45RP contain a signal peptide, a transm em brane 
region, N-linked glycosylation sites (6 in m ouse Ac45RP and 5 in Xenopus Ac45RP] 
and in the luminal portion flanking the transm em brane dom ain a pair o f cysteine  
residues that is characteristic for the Ac45 and Ac45LP proteins (Fig. 3).
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Figure 3. Alignment of amino-acid sequences of m ouse and Xenopus 
laevis Ac45RP. The open-reading frames of the cloned mouse and Xenopus 
Ac45RP cDNA sequences were translated and aligned. Amino-acid identities 
are indicated in dark grey and amino acid similarities in light grey. Arrows 
indicate the positions of the potential signal peptide cleavage sites. Pairs of 
conserved cysteine residues are marked with asterisks and the predicted 
N-linked glycosylation sites with dots. The transmembrane-spanning domains 
are indicated by dashed lines. The conserved amino-acid sequence in the 
cytoplasmic tails of the Ac45RP proteins is boxed.
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A c45R Pis an N -glycosylated protein  localized to vesicular subcellular structures
To obtain the first b iochem ical inform ation on the new ly identified  Ac45RP protein, w e  
decided  to express HA-tagged m ouse Ac45RP [Ac45RP-HA] in COS-1 cells and Neuro 
2a cells. W estern b lot analysis w ith  an anti-HA antibody sh ow ed  that under relatively 
m ild extraction conditions (standard lysis buffer) a portion o f the Ac45RP-HA protein  
is present in a large (> 180  kDa) com plex. Apparently, this com plex is resistant to 
the denaturing conditions used  during SDS-PAGE separation. By increasing the 
stringency o f denaturation during cell lysis (in RIPA or cracking buffer), w e obtained  
increasing am ounts o f an ~ 8 0  kDa product, m ost likely representing the Ac45RP-HA 
protein (Fig. 4A, B).
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Figure 4. Ac45RP is an N-glycosylated protein, occurs in an SDS-resistant protein 
complex and localizes in N2a cells to vesicular structures situated in the Golgi- 
region. Ac45RP-HA-transfected COS-1 cells were lysed in (A) lysis buffer, cracking 
buffer or (B) RIPA buffer. Ten percent of the lysates was used for Western blot analysis 
using an anti-HA antibody. The ~80-kDa protein recognized by the anti-HA antibody 
represents the N-linked glycosylated form of Ac45RP-HA. Treatment of the cell lysate 
with N-glycosydase F resulted in a dramatic decrease of the molecular weight of Ac45RP- 
HA. Note that under relatively mild lysis conditions (lysis- and RIPA buffer) Ac45RP-HA 
was also found as a high-molecular weight product potentially representing a protein 
complex. Extraction in urea-containing cracking buffer caused the release of Ac45RP- 
HA from the putative complex. (C) Intracellular localization of the Ac45RP-HA protein 
in undifferentiated mouse N 2a cells. N2a cells were co-transfected with Ac45RP-HA and 
Myc-tagged sialyltransferase expression constructs, and stained with anti-HA (green) 
and anti-Myc (red) antibodies. Ac45RP-HA was localized in vesicular structures situated 
close to the Golgi and to some extent at the plasma membrane of the cells. Bar, 10 |iM.
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Since in the prim ary am ino-acid sequence o f m ouse Ac45RP seven  potential 
N-glycosylation sites w ere predicted (Fig. 3), w e decided  to treat the cell lysates with  
N-glycosydase F to rem ove all N-glycans from the protein. Indeed, after N-glycosydase 
F treatm ent the Ac45RP-HA protein w as detected  at a m olecular w eight o f ~ 3 6  kDa, 
com parable to its predicted m olecular weight. Apparently like the Ac45 protein  
(Holthuis e t  al., 1999 ) Ac45RP-HA is a highly N-glycosylated protein (Fig. 4B).
We then studied  the intracellular localisation o f  the Ac45RP-HA protein in the 
transfected N2a cells. Using an anti-HA antibody w e detected  Ac45RP-HA in vesicular 
structures, m ostly concentrated in a junxtanuclear region, likely representing the 
Golgi. Ac45RP-HA w as also detected  at the plasm a m em brane, albeit to a lesser extent 
(Fig. 4C). Co-expression o f Ac45RP-HA w ith  a M yc-tagged version  o fth e  Golgi enzym e 
sialyltransferase (Sialyl-Myc) revealed that Ac45RP-HA w as presen t in close proxim ity  
o f the Sialyl-myc, but no co-localisation was observed  (Fig. 4C). We conclude that in 
transfected N2a cells Ac45RP-HA localizes to vesicular structures situated close to the 
Golgi apparatus.
Tissue d istribu tions o f  m ouse and Xenopus Ac45 and Ac45RP mRNAs
RT-PCR analysis sh ow ed  that the m ouse and Xenopus Ac45 mRNAs are ubiquitously  
expressed, but enriched in neuronal and neuroendocrine tissu es (Fig. 5A). In the 
m ouse, Ac45RP mRNA w as detected  alm ost exclusively in the brain, w ith  the h ighest 
level o f expression in the olfactory bulb. In addition, a low  level o f  Ac45RP mRNA 
expression w as found in ovary. In Xenopus, Ac45RP mRNA expression  w as also found  
only in the brain, except for a low  level in testis (Fig. 5B). Thus, Ac45RP represents 
a brain-specific isoform  o f Ac45 in both m ouse and Xenopus. To further test our 
hypothesis that Ac45RP is a neuronal transcript, w e used  quantitative RT-PCR to 
analyze the expression  o f  Ac45 and Ac45RP mRNA in m ouse neuronal N2a cells and 
in m ouse neuroendocrine anterior pituitary AtT-20 cells. The relative Ac45 mRNA 
expression level in AtT-20 cells w as ~ 2  fold higher than that in N2a cells. Intriguingly, 
Ac45RP mRNA expression w as only found in N2a cells but n o tin  AtT-20 cells (Fig. 5C). 
In N2a cells, the expression level o f Ac45RP mRNA w as ~ 1 5  tim es low er than that 
o f Ac45. We conclude that Ac45RP is expressed  in neuronal but n ot neuroendocrine 
cells.
Ac45RP mRNA expression during early Xenopus and m ouse developm ent
We studied  Ac45RP mRNA expression  in early Xenopus em bryos ranging from  
unfertilized eggs (stage 0) up to tadpole stage 47. Maternal Ac45RP mRNA expression  
levels w ere found to be very low  (~ 1 0  tim es low er than Ac45, data n ot shown). 
Ac45RP mRNA levels w ere relatively high in post-gastrula and in neural plate stages 
(stage 11-15) and step w ise decreased  until neural tube stage 19. Intriguingly, Ac45RP 
expression levels w ere found to increase again at developm ental stage 34 and 
gradually decreased  thereafter (Fig. 6A).
Next, Ac45RP mRNA expression  in developing m ouse brain w as studied. Total 
RNA w as extracted from m ouse em bryonic day (E)10.5 and E13.5 em bryos and
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from developing and juvenile brains (E14.5- postnatal day (PND) 140). The on set o f  
Ac45RP mRNA expression w as found at E13.5 and its expression  gradually increased  
prenatally. Interestingly the m ost prom inent increase in Ac45RP mRNA expression  
w as found postnatally. From PND 0 onwards, Ac45RP mRNA expression levels  
increased  extensively and peaked at PND14. Thereafter, its expression in the m ouse  
brain rem ained at relatively high levels (Fig. 6B).
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Figure 5. Analysis of Ac45- and Ac45RP mRNA expression in Xenopus and 
m ouse tissues, and in m ouse neuroblastom a N2a and m ouse anterior 
pituitary AtT-20 cell lines. Total RNA was extracted from various (A] Xenopus 
and (B] mouse tissues. RT-PCR analysis was performed as described in Materials 
and methods. Glyceralde-3-phosphate dehydrogenase (GAPDH] served as 
control for RNA integrity. (C] Q-PCR analysis of the relative Ac45 and Ac45RP 
mRNA expression levels in N2a and AtT-20 cells. Peptidyl prolyl isomerase 
(mPPia] and Tyros'ne 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta peptide (Y-Whaz] served as reference transcripts. BI 
bladder, Br brain, Cb cerebellum, Cr cerebrum, Co colon, Ga gall bladder. He 
heart, Li liver, Lu lung. Mu muscle, Ob olfactory bulb; Oo oocytes, Ov ovaiy. Si 
small intestine, Sk skin, Sp spleen, Te testis, St stomach, Rt absence of reverse 
transcriptase (negative control].
Discussion
In this study, w e d iscovered Ac45RP, a n ew  type I transm em brane glycoprotein  
representing a brain-specific paralog o f  the V-ATPase accessory subunit Ac45. 
Ac45RP genom ic sequences w ere found in vertebrate species ranging from m am m als 
to am phibians, birds and fish, but n ot in invertebrates. Since its evolutionary distance 
to the ancestral Ac45  gen es in Drosophila and C.elegans is larger than that o f Ac45 
and Ac45LP, w e conclude that Ac45RP  evolved later than its Ac45 and Ac45LP 
relatives. The sim ilar structural characteristics o f Ac45, Ac45LP and Ac45RP (all are 
N-glycosylated type I transm em brane proteins w ith  a relatively long am ino-term inal
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lum inal domain, a short cytoplasm ic tail and a pair o f  cysteine residues adjacent to 
the transm em brane dom ain) indicate that they belong to a sm all family o f regulators 
o f the V-ATPase.
Since Ac45RP contains seven  potential N-glycosylation sites and N-glycosidase F 
treatm ent caused an ~ 4 4  kDa drop in m olecular m ass, the average m olecular
Figure 6. Ac45RP mRNA expression in developing Xenopus and mouse. (A]
Total RNA was extracted from Xenopus embiyos and Ac45RP expression levels 
were calculated relative to Xenopus ornithine decarboxylase (ODC] and Xenopus 
GAPDH. Staging of Xenopus embryos was according to (Nieuwkoop, 1967].
(B) Total RNA was extracted from mouse E10.5 and E13.5 embryos and from 
developing and juvenile mouse brains (E14.5-PND140]. Expression levels of 
mouse Ac45RP were determined relative to mouse Tyrosine 3-monooxygenase/ 
tryptophan 5-monooxygenase activation protein zeta peptide (Y-Whaz] and 
mouse (3-actin as reference transcripts.
w eight per glycan is ~  7 kDa, indicating that the Ac45RP protein is m ore heavily  
N-glycosylated than Ac45 (average N-glycan w eight o f ~ 2  kDa; (Holthuis e t  al., 1999). 
The functional consequences o f this difference in the extent o f glycosylation, e.g. effect 
on half-life or degree o f protection against degradation, are at present unclear. Our 
observation that the Ac45RP protein is present in vesicular structures in transfected  
N2a cells together w ith  the fact that the protein is difficult to extract and is found in 
large, SDS-insensitive com plexes indicates that Ac45RP has a strong interaction with  
the m em brane or w ith  m em brane-bound proteins.
Three additional differences b etw een  Ac45 and Ac45RP are remarkable. First, the  
lum inal dom ain o f Ac45RP lacks a recognition sequence for the endoprotease furin. 
Mouse Ac45 has recently been  identified  as a substrate for furin (Louagie e t  al., 20 0 8 )  
and the cleavage o f Ac45 in the early secretory pathway is n ecessary for its transport 
and V-ATPase regulation (Jansen e t  al., 2008 ). Intriguingly, the length o f the luminal 
dom ain o f Ac45RP is com parable w ith  that o f cleaved-Ac45. This circum stance im plies 
that follow ing its synthesis Ac45RP is directly transported through the secretory  
pathway, independent o f an endoproteolytic cleavage event. Therefore, Ac45RP m ight 
represent a m ore constitutively active version  o f the Ac45 protein that is transported  
from the ER w ithout depending on the action o f  an endoprotease. Second, the length  
o f the cytoplasm ic tail o f Ac45RP is over tw ice the length o f the Ac45 cytoplasm ic tail. 
The latter tail contains an autonom ous routing signal (TMDRFDDPKG, Jansen et al.,
1998 ) which is largely conserved in Ac45LP (Jansen et al., 2010b ) but n ot in Ac45RP.
115
Chapter 6
D eletion o f the Ac45 cytoplasm ic tail greatly affects V-ATPase functioning in osteoclasts  
(Feng e t  al., 2008 ), and enhances Ac45 transport and cleavage in transgenic Xenopus 
neuroendocrine m elanotrope cells (chapter 4). Thus, the cytoplasm ic tail o f  Ac45 
plays a prom inent role in Ac45 functioning. We speculate that, like for Ac45 and many  
other type I transm em brane proteins, the cytoplasm ic dom ain o f Ac45RP harbors 
routing inform ation that is required for its transport through the secretory pathway. 
Remarkably, and in contrast to Ac45, the cytoplasm ic tails o f m ouse and Xenopus 
Ac45RP share a relatively low  degree o f sequence similarity, except for the ECYELRQ/ 
NQQ sequence. Possibly, this stretch o f  am ino acids represents its routing signal, 
targeting Ac45RP/V-ATPase to specific subcellular organelles in the cell. Transfection  
studies w ith  carboxy-term inal Ac45RP m utant proteins w ill be necessary to test this 
hypothesis.
Third, in contrast to Ac45, the expression  o f Ac45 RP mRNA is restricted to the nervous  
system  in both m ouse and Xenopus. Interestingly, brain-enriched V-ATPase subunit 
isoform s have also been  identified, nam ely for VI subunits B and E, and the V0a subunit 
(review ed  by Toei e t  al., 2010 ). The brain-specific V0a l  isoform  has b een  show n to be 
indispensable for neural synaptic vesicle exocytosis in fly neurons (H iesinger e t  al., 
2 0 0 5 ) and binds the sm all Ca2+-binding protein calm odulin via its unique calm odulin- 
binding domain, thereby linking the V-ATPase w ith Ca2+-dependent secretion (Zhang 
et  al., 2008). Interestingly, in transgenic Xenopus neuroendocrine m elanotrope cells 
excess Ac45 affects the Ca2+-dependent secretory capacity o f these neuroendocrine  
cells, possib ly by recruiting m ore V0 into the secretory pathway (Jansen e t  al., 2008). 
Thus, the brain-specific Ac45RP protein m ight be involved in the process o f synaptic 
vesicle  exocytosis as well.
Of special in terest is the relatively high level o f Ac45 RP mRNA expression in the m ouse  
olfactory bulb, a brain region constantly receiving new ly born neurons (neuroblasts) 
that originate from the subventricular zone (SVZ) arriving via the rostral migratory  
stream  (Alvarez-Buylla and Garcia-Verdugo, 2002; Curtis e t  al., 2009; Lledo et al., 
2006; W hitm an and Greer, 2009 ). Possibly, the high Ac45RP expression  levels are a 
reflection o f the high degree o f neuronal trafficking and neurite outgrowth o f  adult- 
born neuroblasts in the olfactory bulb. To gain m ore detailed  insights into Ac45RP 
mRNA expression  levels in specific brain regions, in situ  hybridization experim ents  
have to be performed. Possibly, also the subcellular zone o f the hippocam pal dentate 
gyrus that is also characterized by extensive neurogenesis (Kempermann et al., 2004; 
W hitm an and Greer, 2 0 0 9 ) expresses relatively high levels o f Ac45RP mRNA. Since 
new -born neurons in this region m igrate less extensively than those born in the SVZ, 
analysis o f this particular region o f the adult brain m ight h int to an involvem ent o f  
Ac45RP in neuronal m igration an d /or  neurite outgrowth.
Except for a role in adult brain functioning, Ac45RP also seem s to function during  
em bryonic neuronal developm ent. The increase o f Ac45RP expression levels in 
Xenopus post-gastr ula and neural p late-stage em bryos indicates that the protein m ight 
be involved in neuroprogenitor cell functioning. The increase o f Ac45RP expression  
in Xenopus em bryos after stage 30 is in teresting since from stage 30 onwards, the 
Xenopus forebrain gradually extends. Especially the telencephalon  sh ow s the h ighest 
relative growth com pared to other parts o f the nervous system  (Sive, 2000). Thus, 
in the developing Xenopus brain Ac45RP m ight be involved in neural outgrowth by 
providing extra m em brane through targeted vesicular transport and exocytosis
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(Martinez-Arca e t  al., 2001; M eldolesi, 2 0 1 0 ) .
The start o f Ac45RP expression in m ouse E13.5 em bryos coincides w ith  the peak of  
neurogenesis and the appearance o f radial glial cells throughout the various regions 
o f the central nervous system  (Gotz and Huttner, 2005; Guillemot, 2007; Miyata et 
al., 2010; Saneyoshi e t  al., 2010). The strong increase in Ac45RP expression  during 
the tim e w in dow  PND 0-14  m ight be related to the extensive netw ork  form ation and 
coincides w ith  the peak o f synaptogenesis at PND 14 (Sahores et al., 2010; Saneyoshi 
et al., 2010). Thus, our studies in d evelop in gXenopus and m ouse brain point to a role 
for Ac45RP during neural developm ent.
To further study the role o f Ac45RP in vivo, specific antibodies to Ac45RP should be 
raised to a llow  protein expression- and cellular localization studies. Furthermore, 
th ese  antibodies w ould  be very helpful for elucidating the hypothesized  interaction  
o f Ac45RP w ith  the V-ATPase.
In conclusion, w e here identified  the first brain-specific paralog o f a V-ATPase 
regulator that is potentially involved in neurotransm itter transport an d /or in 
neurodevelopm ental processes such as neuronal m igration and neurite outgrowth.
Acknowledgments
The authors thank Ron Engels for animal care, Martine van Zweeden, Ewa Bres and 
Juliet Evers for technical assistance and dr. Annetrude Mooij-van Malsen for help on 
m ouse em bryos.
117
Chapter 6
Gene Species Gl unigene NCBI Reference
Ac45
Homo sapiens 17136148 Hs.6551 NP 001174.2
Canis familiaris 74008854 Cfa.3941 XP_853625.1
Mus musculus 9055172 Mm .477757 NP_061264.1
Rattus norvegicus 47718012 Rn.93045 AAH70937.1
Ornithorhynchus anatinus 149445804 XP_001515020.1
Monodelphis domestica 126341991 XP_001374281.1
Gallus gallus
Taeniopygia guttata
Anolis carolinensis
190243080/
190298902
FG718613.1
/FG767858.1
Xenopus laevis 147905792 XI.235 NP 001081716.1
Xenopus tropicalis 194332705 S tr.35703 NP_001123842.1
Danio rerio 27545281 Dr.76858 NP_775372.1
Gasteroteus aculeatus 112420113 Gac.8810 BT026930.1
Branchiostoma floridae 260822296 XP_002606538.1
Caenorhabditis elegans 17543714 Cel.17707 NP_500332.1
Drosophila melanogaster 20129819 NP 610470.1
Aedes aegypti 157116923 Aae.3568 XP_001658652.1
Ac45RP
Homo sapiens 63003910 Hs.364045 P_001017971.1
Canis familiaris 73952322 XP_852595.1
Mus musculus 225007585 Mm .292579 NP_001139351.1
Rattus norvegicus 293345103 XP_001065086.2
Ornithorhynchus anatinus 149408501 XP_001511878.1
Monodelphis domestica 334325780 XP 001369371.2
Gallus gallus 50761981 Gga.13124 XP 424904.1
Taeniopygia guttata 224091694 Tgu .17479 XP 002190092.1
Anolis carolinensis 190231138 Acr.740 FG700336.1
Xenopus laevis
Xenopus tropicalis 301612482 Str.82737 XP 002935745.1
Danio rerio 189525649 Dr.117055 XP 001340624.2
Gasteroteus aculeatus 85169856 Gac.18271 DW595300.1
Supplementary table 1. Database references used to retrieve Ac45 and Ac45RP 
amino acid sequences
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Abstract
Apart from cytoskeletal extension and rearrangem ents, neurite outgrowth involves a 
trem endous expansion o f the cellular m em brane. To allow  expansion, n ew  m em brane 
is provided by the Ca2+-dependent exocytosis o f non-secretory vesicles that fuse w ith  
the expanding m em brane at the growth cone. Ca2+-dependent m em brane fusion  
involves the m em brane-bound V0-sector o f the vacuolar (H']-ATPase (V-ATPase], a 
function separate from its prom inent role in proton pumping. In neuroendocrine cells, 
the V-ATPase is regulated by its V0-interacting accessory subunit Ac45. We recently  
identified  a brain-specific paralog o f Ac45, denoted  A c45-related protein (Ac45RP). 
Using an anti-Ac45RP-specific antibody, w e n ow  find that in differentiating m ouse  
N2a neuroblastom a cells and in rat prim ary cortical neurons Ac45RP is localized  
to vesicles, m ostly located in the Golgi-area, and in varicosities and growth cones  
o f the neurites. Intriguingly, Ac45RP did n ot co-localize w ith  the classical synaptic  
vesicle  proteins SV2 and VAMP2, but partially co-localized w ith  the non-secretory  
vesicle  m arkers VAMP4 and TI-VAMP. Transient and stable transfection o f tagged  
Ac45RP into N2a cells resu lted  in extensive neuronal outgrowth. Surprisingly, high  
expression  levels o f transfected Ac45RP led  to neurites devoid  o f SV2 and VAMP2. 
Besides its localization in the Golgi-area, in the neurites o f mature, network-form ing  
prim ary rat cortical neurons endogenous Ac45RP w as p resen t in sm all m em branous 
structures, partially co-localizing w ith  VAMP4 and TI-VAMP. Interestingly, in sim ilar 
neuritic structures w e also detected  the V-ATPase V0 sector. We conclude that the 
brain-specific Ac45RP protein is a constituent o f  neuronal non-secretory vesicular 
structures driving m em brane expansion during neurite outgrowth and dendritic 
network-form ing processes.
1 2 0
Ac45-related protein drives neuronal outgrowth
Introduction
Neurite outgrowth involves several coordinated processes. Apart from cytoskeletal 
growth and rearrangem ents, this process also depends on exocytosis w hich is 
under control o f  the intracellular levels o f second  m essengers such as Ca2+ and cyclic 
nucleotides (Ledesm a and Dotti, 2003; Pfenninger, 2009). During initial elongation  
o f the axon or dendrite, n ew  m em brane com ponents are delivered by the secretory  
pathway and transported to the grow th cone o f the extending neurite. Axonal 
outgrowth is m aintained by the delivery o f m em brane com ponents by vesicles that 
originate from the Golgi. Later in developm ent dendrites depend for their n ew  
m em brane m ostly on vesicles derived from their 'Golgi ou tp osts’(Pfenninger, 2009). 
The m em brane deliveries are accom plished by tw o recently identified  non-secretory  
types o f vesicles, nam ely plasm alem m a precursor vesicles containing the tetanus  
toxin-insensitive vesicle m em brane associated  m em brane protein (TI-VAMP) and the  
VAMP4-positive vesicles, the so-called  en largeosom es (M eldolesi, 2010).
Vesicles positive for TI-VAMP have initially been  identified  during studies on apical 
exocytosis in epithelial cells, a process that is insensitive to clostridial neurotoxins  
(Galii e t  al., 1998). More pertinent to our study, the TI-VAMP-positive, plasm alem m a  
precursor vesicles (Pfenninger, 20 0 9 ) w ere identified  in growth cones o f neurites  
w here they function in the later neurite outgrowth process. The VAMP4-positive 
en largeosom es function in the early stages o f neural developm ent (M eldolesi, 
20 1 0 ) and contain the lum inal marker protein desmoyokin-AHNAK (Borgonovo  
et al., 2002; Cocucci e t  al., 2008). One current idea is that exocytosis involving TI- 
VAMP is a slow  and continuous process, w hereas the VAMP4-mediated exocytosis  
o f the en largeosom es is a relatively quick process. Recently, it  w as show n that both  
types o f exocytotic events can exist in parallel and function independently (Schulte 
et al., 2010). Although both types o f vesicles apparently play a major role in neurite  
outgrowth, current know ledge regarding the m olecular com position  o f th ese  vesicles  
and m echanism  underlying their exocytosis rem ain limited.
Regulated exocytotic m em brane fusion requires the Soluble N-ethylm aleim ide 
sensitive factor (NSF) attachm ent protein (SNAP) receptor (SNARE) fusion m achinery  
(review ed by W ang and Tang, 2006 ). The com position  o f  the SNARE fusion m achinery  
on the m em branes o f non-secretory vesicles clearly differs from that o f the synaptic 
neurotransm itter vesicles since the form er types are devoid  o f classical synaptic 
vesicle marker proteins such as VAMP2 (Coco et al., 1999). An increasing am ount of  
evidence points to a role for the vacuolar (H+)-ATPase (V-ATPase) in m em brane fusion  
as w ell (review ed by El Far and Seagar, 2011). The V-ATPase, the m ain regulator o f the  
intragranular pH in regulated secretory granules (Nishi and Forgac, 200 2 ), consists  
o f tw o main sectors, the cytoplasm ic V^sector, involved in ATP hydrolysis and the  
m em brane-bound V0-sector containing the rotary m echanism  that translocates the  
protons over the m em brane (review ed by Schoonderw oert and Martens, 2001). Apart 
from the function o f the full V-ATPase enzym e com plex (V0 plus V Jin  proton pumping, 
the V0-sector o f the V-ATPase has a V j-independent role in regulated exocytosis as 
well. Although highly debated, increasing evidence n ow  points to a central role for 
V0 in post-SNARE m em brane fusion and in regulated exocytosis (Bayer e t  al., 2003; 
Di Giovanni e t  al., 2010; Liegeois e t  al., 2006; Peters et al., 2001 ). Also, studies in
1 21
Chapter 7
fly neurons have show n that the V0a l  subunit is indispensable for regulated Ca2+- 
d ependent exocytosis and subsequent neurotransm itter release (H iesinger et al., 
2005), a process involving regulation by the sm all Ca2+ -binding protein calm odulin  
(Zhang et al., 2008). Recently, an interaction b etw een  V0c and the V-SNARE VAMP2 
w as reported, reflecting a m olecular link b etw een  the V-ATPase and SNARE-mediated 
m em brane fusion (Di Giovanni e t  al., 2010).
In neuroendocrine cells, the accessory subunit Ac45 o f the V-ATPase interacts w ith  
the V0-sector o f the pum p (Supek et al., 1994 ) and regulates its activity (Jansen 
et  al., 2010a). Interestingly, excess o f Ac45 increases the secretory efficiency o f  
neuroendocrine cells, possib ly by the higher availability o f V0 in the regulated  
granules (Jansen et al., 2008). Thus, the V-ATPase and Ac45 play an im portant role in 
m em brane fusion and regulated exocytosis.
Recently, w e identified  a novel type I transm em brane glycoprotein as a brain-specific  
paralog o f Ac45 and term ed this protein A c45-related protein (Ac45RP; chapter 6). 
Ac45RP mRNA is presen t throughout the m ouse brain w ith  high expression  levels  
in the olfactory bulb and w e therefore proposed  a p ossib le role for Ac45RP in 
neurogenesis or neurite outgrowth.
Here w e explore the potential role o f  the Ac45RP protein. We studied  endogenous  
Ac45RP expression  in rat prim ary cortical neurons and in differentiating m ouse  
neuroblastom a N2a cells. We find Ac45RP in vesicular structures d istinct from the 
classical synaptic vesicles and likely related to the recently identified  pools o f non- 
secretory vesicles (Schulte et al., 2010). Ac45RP- containing vesicles w ere found in 
the Golgi area and in the extending neurites o f both prim ary neurons and N2a cells. 
Intriguingly, transient and stable overexpression o f Ac45RP in N2a cells resulted  
in extensive neurite outgrowth. These results point to a pivotal role for Ac45RP in 
m em brane delivery and in m em brane fusion during the p rocess o f neurite outgrowth.
M ateria ls a n d  M eth od s
M olecular cloning
For cloning o f  the haem agglutinin-tagged Ac45RP m ouse Ac45RP (mAc45RP- 
HA) expression construct, a PCR w as perform ed using the full length m ouse  
Ac45RP cDNA clone (chapter 6) as tem plate and prim ers MmAc45RP 5’UTR- 
FW-2 5’-GGGGGAATTCAAATTAACAGATGCGCTTGG-3’ and MmAc45RP-HA-RV 
5 ’-CCCCTCTAGA-TTAAGCGTAATCTGGTACGTCGTATGGGTAAATGTAGATTTTGCAG 
ATCTG-3’. HA-tag sequence w as included in the reverse primer. For am plification  
o f the m ouse w ild-type Ac45RP cDNA the prim ers MmAc45RP 5’UTR-FW-2 
5’-GGGGGAATTCAAATTAACAGATGCGCTTGG-3’ and MmAc45RP3’UTR-RV2-5’- 
CCCCTCTAGAAGTCTTTCGGAGATGGCTTG-3’w ere used. Following am plification, the 
cDNA fragm ents w ere cloned into the EcoRI/XhoI sites o f the eukaryotic expression  
vector pcDNA3 (Invitrogen).
Cell culture
Neuro2a cells w ere cultured in MEM m edium  (PAA) containing 10% fetal bovine 
serum  (FCS, PAA) at 37 °C under 5.0 % C 02. To differentiate, cells w ere provided w ith  
MEM m edium  containing 0.1% BSA (Evangelopoulos et al., 20 0 5 ) w ith  or w ithout 
0.3 mM or 1 mM dbcAMP (Sigma-Aldrich) for 24  hours to obtain dopam ine neuron­
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like cells (Tremblay et al., 2010). COS-1 cells w ere grown in DMEM m edium  (PAA) 
supplem ented  w ith  10% FCS.
Prim ary ra t cortical neuronal cultures
Cortices o f E18.5 rat em bryonic brains w ere d issected  and collected  in ice-cold  HBSS 
(PAA.). The tissu e w as trypsinized using 0.5% trypsin in HBSS containing Glutamax 
and p en /strep  at 37 °C for 15 m in and follow ing w ashing steps w ith  HBSS, transferred  
into seed ing  m edium  (Neurobasal containing 10% FCS and Glutamax). The tissue  
was subsequently triturated using a p olished  Pasteurs p ipet to d issociate the cells. 
The num ber o f isolated  cells w as counted and cells w ere seed ed  onto poly-D-lysine- 
coated coverslips in 24-w ells-p lates ( ~ 2 x l0 5 ce lls /w ell)  in seed ing  m edium . After 4 
hours, the seed ing  m edium  w as replaced by culture m edium  (Neurobasal containing  
B27 supplem ent and Glutamax (Gibco)). Cells w ere cultured at 37 °C under 5.0 % C02 
for the tim e periods indicated.
Antibodies
A 15-am ino acid synthetic peptide representing a conserved  region in the m ouse  
Ac45RP cytoplasm ic tail (GSQGAECYELRNQQI) was used  as an antigen for the 
generation o f the rabbit anti-Ac45RP polyclonal antibody # 2 0 8 6  that w as affinity 
purified against the peptide (Open B iosystem s, Thermo Scientific).Anti-SV2 m ouse  
m onoclonal antibody w as obtained from D evelopm ental Studies Hybridoma Bank, 
anti-VAMP2 (Syb2, clone 69.1) m onoclonal antibody w as from Synaptic System s 
Goettingen, Germany) and the anti-TI-VAMP (SYBL1) m onoclonal antibody 158.2 was 
from Abeam. Anti-VAMP4 m onoclonal antibodies (Cocucci et al., 20 0 8 ) w ere kindly  
provided by Dr. J. M eldolesi (Vita-Salute San Raffaele University, Milano, Italy) and the 
anti-rat 16K-N antibody (Nezu e t  al., 1992 ) by dr. S. Ohkuma (Kanazawa University, 
Ishikawa, Japan.)
Western b lo t analysis
Cells grown in 12-w ells p lates w ere w ashed  w ith  PBS and lysed  in 200  |.il RIPA buffer 
(150m M  NaCl, 1% NP-40, 0.5% SDS, 50mM Tris pH8.0, 2mM EDTA). Subsequently, 
the lysates w ere sonicated to shear the chrom osom al DNA and separated on 10%  
SDS-PAGE. Following separation, proteins w ere transferred to PVDF m em brane 
(Amersham  B iosciences) and incubated w ith  the purified rabbit polyclonal anti- 
Ac45RP antibody (1: 1500 ) and secondary peroxidase-conjugated Goat-anti-rabbit 
antibodies (1: 5000) follow ed by chem olum inescence (LumiLight Plus, Roche). 
Signals w ere detected  using a Bioim aging system  w ith  Labworks 4.0 softw are (UVP 
Bioim aging System s, Cambridge, UK).
Imm unofluorescence assay
Cells cultured on coverslips w ere w ashed  tw ice w ith  PBS and fixed w ith  4% 
parafom aldehyde/PBS for 1 hour at room  tem perature (RT). Then, cells w ere w ashed  
w ith PBS/50m M  NH4C1 and perm eabilized w ith  PBS/0.1%  TritonXlOO (PBS-T). 
Subsequently, cells w ere incubated w ith  the first antibodies rabbit-anti-Ac45RP (1: 
500),m ouse-anti-VAM P4 (1 :5 0 0 ),mouse-anti-TI-VAMP (1 :2 0 0 ),anti-VAMP2 (1:1000), 
m ouse-anti-SV2 m onoclonal antibodies (1:200), m ouse anti- Neuron-specific class III 
beta-tubulin (Tuj-1, 1 :1000) or rabbit-anti rat-V-ATPase proteolipid  16k-N (1:200)
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in blocking buffer (PBS-T/1% BSA) for 16 h at 4 °C. Following PBS w ashing steps, 
cells w ere incubated for 1 hour at RT w ith  secondary antibodies (Goat anti-rabbit- 
A lexa488 (M olecular Probes, 1: 200 ) and G oat-anti-m ouse-alexa 568  (Molecular 
Probes, 1: 200 ) in blocking buffer. Finally, cells w ere w ashed  w ith  PBS, MilliQ water, 
dehydrated w ith  isopropanol, air dried and em bedded in M owiol containing 2.5 |iM 
DAPI to visualize the nuclei. M icroscopic im aging w as perform ed using an Olympus 
FV1000 laser scanning m icroscope. Co-localization analysis w as perform ed and 
M anders’ coefficients (Mx and M2) w ere calculated (n=10) using the JACoP toolbox  
under ImageJ (Bolte and Cordelieres, 2006).
Transient and stab le  cell transfections
One day prior to transfection, N2a cells w ere seed ed  into 12-w ells p lates at a 
confluency o f ~70%  in culture m edium  (MEM/10% FCS). Cells w ere transfected  
using Lipofectam ine 20 0 0  (Invitrogen) according to the m anufactures’ guidelines. 
Expression o f  the recom binant proteins w as allow ed for 24  hours.
For the generation o f stably transfected N2a cell lines, cells w ere seed ed  into a 10- 
cm  culture dish at a confluency o f 70% and transfected using Lipofectam ine 2000  
(Invitrogen) according to the m anufactures’ guidelines. One day after transfection, 
cells w ere sp lit (1:10) and cultured in M EM /10 % FCS. Two days follow ing transfection, 
culture m edium  w as replaced by selection  m edium  (culture m edium  containing 600  
|.ig/ml neom ycin). After tw o w eeks, individual clones w ere isolated  and transferred  
into 48-w ells plates. Finally, sem i-confluent cultures w ere transferred to T25 culture 
flasks and subjected to further analysis.
Q uantitative RT-PCR
Total RNA w as isolated  from non-differentiated N2a cell lines using TRIzol reagent 
(Invitrogen) and 2 |ig total RNA w as used  for cDNA synthesis em ploying the 
RevertAid first strand cDNA synthesis kit (Ferm entas). A 1:16 dilution o f the total 
cDNA pool w as used  in a 10 |.il reaction for quantitative PCR analysis (Q-PCR) using  
the SYBRGreen/ROX qPCR kit (Ferm entas) and a Rotor-Gene™ 60 0 0  real-tim e 
analyzer (Corbett Research, Sydney, Australia). For m ouse Ac45RP am plification, 
forward prim er 5’-AGATACTTGCCAGGAAGAATGTAGG-3’ and reverse prim er 
5’-TCTGTACTGGTTTCACCTCTCCAC-3’ w ere used. As reference transcripts peptidyl 
prolyl isom erase (mPPia, forward prim er 5’-ATTTTGGGTCCGGAGCGGCCAT-3’ and  
reverse prim er 5’-AGCAGATGGGGTAGGGACGCT-3’) and Tyrosine 3 -m on ooxygen ase/ 
tryptophan 5-m onooxygenase activation protein zeta peptide (Y-Whaz, 
forward prim er 5’-AATAATCAGGATAATGGGTTCCAGTC-3’ and reverse prim er 
5’-TGCATCCACAGGGTGTTTGT-3’) w ere used. qPCR data w ere analyzed by equalizing  
the low est Ct value to 1 and calculating the relative Q-values o f the genes o f interest. 
The norm alization factor for the reference genes w as determ ined using the GeNORM 
program  (m edgen.ugent.be/genorm ) and used  to norm alize the Q-values. Individual 
experim ents w ere perform ed in triplicate.
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Results
Mouse N2a neuroblastom a cells express Ac45RP
In m ouse and Xenopus, Ac45RP mRNA is brain-specifically expressed. Furthermore, 
Ac45RP mRNA was found in the m ouse neuroblastom a cell line N2a (chapter 6). To 
obtain the first insights into the role o f Ac45RP, w e decided  to use N 2aas a cell m odel. 
This neural crest-derived cell line has been  extensively used  to study the processes of  
neurite outgrowth, neuronal differentiation, and synaptogenesis and the responsible  
signaling pathways (Bryan e t  al., 2006; Graham et al., 2006; Miyata e t  al., 2008). 
N2a cells can be reproducibly differentiated into neural cells by serum  deprivation  
(Evangelopoulos e t  al., 20 0 5 ) and becom e clearly dopam inergic neuron-like in the  
presence o f  dibutyryl cyclic adenosine m onophosphate (dbcAMP) (Tremblay et al., 
2010 ).
pre-im m une serum _______ im m une serum
c N2a COS-1
+ - + - Mw(kDa)
-180
-130
-100
•— —
-70
-55
•45
-35
Figure 1. The anti-Ac45RP antibody recognizes endogenous and 
recom binant Ac45RP. Immunofluorescence assay on semi-differentiated (0.3 
mM dbcAMP] mouse N2a cells with the pre-immune serum (A] or with the anti- 
Ac45RP peptide immune serum (B). The serum recognized vesicular structures 
in the cell bodies and in the tips and varicosities of the neurites. Blue, DAPI.
(C] Western blot analysis with the affinity-purified anti-Ac45RP antibodies. The 
antibodies recognized an endogenous ~80-kDa protein in mock-transfected (-]
N2a cells. In Ac45RP-HA- transfected N2a cells (+], the expression of Ac45RP 
was only slightly increased. The endogenous protein co-migrated with the 
recombinant Ac45RP-HA protein expressed in transfected COS-1 cells (+]. Note 
the >180-kDa product recognized by the anti-Ac45RP antibody in N2a cell 
lysates. Bar, 10 |im
To study the endogenous Ac45RP in N2a cells at the protein level, w e raised a 
polyclonal antibody to a conserved  region in the C-tail o f the Ac45RP, thus increasing  
the likelihood that this antibody w ill recognize m ouse, rat and Xenopus Ac45RP. In 
an im m unofluorescence assay on differentiated N2a cells, the new ly-generated  
anti-Ac45RP antiserum  but n ot the pre-im m une serum  recognized intracellular 
vesicular structures (Fig. 1A). To characterize the affinity-purified Ac45RP antibody, 
N2a and COS-1 cells w ere transfected w ith  a construct expressing haem agglutinin- 
tagged Ac45RP (Ac45RP-HA) and lysates o f these cells w ere subjected to W estern  
b lot analysis. N2a cells contained an ~80-k D a protein that co-m igrated w ith  the
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recom binant Ac45RP-HA protein from transfected COS-1 cells (Fig. IB). The level o f  
Ac45RP in the transfected N2a cells was only slightly increased. Pre-im m une serum  
o f the im m unized rabbit did n ot recognize the ~ 8 0  kDa protein (data n ot show n). We 
conclude that the new ly generated  anti-Ac45RP antibody specifically recognizes the 
endogenous and recom binant Ac45RP protein. In addition to the ~ 8 0  kDa protein, 
also a >180-kD a protein product w as detected  in the N2a cell lysate, com parable w ith  
the high m olecular w eight product found in the lysate o f the transfected COS-1 cells 
and m ost likely representing an Ac45RP-containing protein com plex (Fig. 1A and  
chapter 6).
Ac45RP ■  SV2 ■  merge
Figure 2. Ac45RP is not localized to classic VAMP2 or SV2-positive synaptic 
vesicles. (A] Immunofluorescence analysis on semi-differentiated N2a cells using 
affinity-purified anti-Ac45RP antibodies and anti-VAMP2 monoclonal antibodies.
(B) Semi-differentiated N2a cells stained with anti-Ac45RP antibodies combined 
with anti-SV2 monoclonal antibodies. In semi-differentiated N2a cells both 
VAMP2/SV2 and Ac45RP positive vesicles were present in the Golgi region. Some 
neurite tips however were more heavily stained for Ac45RP (triangles], whereas 
others showed a more pronounced staining for the vesicular markers VAMP2 or 
SV2 (arrows). Note that dividing cells (asterisk) were mostly devoid ofVAMP2/
SV2, whereas in these cells Ac45RP-positive vesicles were pronouncedly present 
in the dividing Golgi. Bar, 10 |im
Endogenous Ac45RP is localized to vesicles in N2a cells
We then w ondered  about the intracellular localization o f the Ac45RP protein in m ouse  
N2a cells. In differentiated N2a cells, Ac45RP w as localized to vesicular structures 
throughout the cytosol and m ostly concentrated in the Golgi region (Fig. 2A, B). 
Remarkably, in neurites that developed  follow ing differentiation, the Ac45RP protein  
w as located in both varicosities and growth cones(Fig. 2A, B). To characterize the 
Ac45RP-positive vesicles, w e applied tw o m onoclonal antibodies d irected to known
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Figure 3. SV2 but not Ac45RP accumulates in tips of fully differentiated N2a 
cells. (A] Non-differentiated N2a cells were stained with both anti-Ac45RP and SV2 
antibodies. Ac45RP was localized to vesicular structures throughout the cytosol 
with higher concentrations in the Golgi-region. SV2 was mainly localized to the Golgi.
(B] One hour following the start of differentiation (by addition of 1 mM dbcAMP] 
both Ac45RP and SV2 were found in the tips of the neurites (arrows], (C] Four 
hours after differentiation and (D] more severely after 24 hours of differentiation 
SV2- but not Ac45RP-positive vesicles had shifted from the Golgi and accumulated 
in the varicosities and tips of the elongated neurites. Note that after four hours 
of differentiation some cells expressed Ac45RP and not SV2 in their neurite tips 
(triangles]. Bar, 10 |im
vesicular proteins, nam ely synaptic vesicle protein 2 (SV2] and synaptic vesicle  
associated  m em brane protein-2 (VAMP2], and perform ed co-im m unostainings 
w ith anti-Ac45RP antibodies. The antibodies d irected against SV2 and VAMP2 both  
stained vesicular structures in the differentiated N2a cells, representing synaptic 
vesicles (Fig. 2A, B], These structures w ere distinct from those stained by the anti- 
Ac45RP antibody. Some tips o f extending neurites contained only Ac45RP-positive 
vesicles (Fig. 2, triangles), w hereas others w ere filled w ith  both synaptic and Ac45RP-
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positive vesicles (Fig. 2, arrows). Intriguingly, in the neurites the SV2 or VAMP2 
im m unoreactivity w as observed  in an alternating pattern w ith  the Ac45RP staining. 
Both vesicle  types w ere found in close proxim ity in the Golgi- region. In dividing N2a 
cells, a relatively high am ount o f Ac45RP-positive vesicles w as found in the Golgi 
region, w hereas these dividing Golgi’s w ere alm ost devoid  o f SV2 and VAMP2 (Fig. 2, 
asterisks). Thus, in N2a cells Ac45RP is localized to vesicular structures situated close  
to, but d istinct from SV2- and VAMP2-positive synaptic vesicles.
Figure 4. Ac45RP resem bles the localization of the noil-secretory marker 
VAMP4 during differentiation of N2a cells. (A) Non-differentiated N2a cells were 
stained with both anti-Ac45RP and anti-VAMP4 antibodies. Both Ac45RP and VAMP4 
were localized to vesicular structures in the cytoplasm and in the Golgi region and 
partial co-staining was observed. (B) One hour following the start of differentiation 
(by addition of 1 mM dbcAMP) both Ac45RP-positive and VAMP4 -positive vesicles 
were present in the cytoplasm and in the tips of the extending neurites (arrows). 
(C] After four hours of differentiation and (D) after 24 hours of differentiation both 
Ac45RP and VAMP4 were found in vesicles in the cytoplasm and in varicosities and 
tips of the extending neurites. Note that both proteins did not accumulate in the 
neurites but were also present in vesicles throughout the cytosol. Bar, 10 i^m.
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During neurite ou tgrow th  o f  N2a cells the distribution o f  Ac45RP resem bles th a t o f  
VAMP4
To study the subcellular distribution o f Ac45RP during neurite outgrowth, w e stained  
N2a cells at various tim e points follow ing neuronal differentiation. We com pared the 
localization o f Ac45RP w ith  those o f  synaptic vesicle marker SV2 (Fig. 3) and the non- 
secretory vesicle  marker VAMP4 (Fig. 4). In undifferentiated N2a cells, Ac45RP was 
m erely localized  peri-nuclear in the Golgiarea (Fig. 3A ).SV2-positive vesicles w ere also 
m ostly present in the Golgi (Fig. 3A) and VAMP4-positive vesicles w ere m erely spread  
throughout the cytosol, occasionally co-staining w ith  Ac45RP (Fig. 4A], Following 1 
hour o f neuronal differentiation, Ac45RP-positive vesicles w ere present in the tips 
of the extending neurites and both SV2- and VAMP4-positive vesicles w ere found in 
the tips as w ell (Fig. 3B and 4B], After a 4-hour differentiation period, Ac45RP- and 
VAMP4-positive vesicles w ere present throughout the extending neurites (Fig. 4C], In 
contrast, SV2 started to accum ulate in the tips o f the neurites (Fig. 3C). Twenty-four 
hours after neuronal differentiation, Ac45RP localization resem bled  that o f VAMP4. 
Although no co-staining w as observed, both proteins w ere largely present in the cell 
body and to a less extent situated in the neurites (Fig. 4D], In differentiated cells, 
SV2 accum ulated in the neurite tips, representing neurotransm itter-releasing active 
term inals (Fig. 3D). Clearly, Ac45RP and VAMP4 localization w as d istinct from SV2 
localization.
Transient expression ofAc45RP-HA in m ouse N2a cells provokes extensive outgrow th  o f  
neurites lacking synaptic neu rotran sm itter vesicles.
Next, to gain insight into the function o f Ac45RP, w e decided  to transiently overexpress 
Ac45RP in N2a cells. For this purpose, w e transfected the cells w ith  the Ac45RP-HA 
expression construct, differentiated the cells and perform ed im m unostaining w ith  
an anti-HA antibody. The intracellular localization o f the recom binant Ac45RP-HA 
protein w as com parable w ith  that o f the endogenous Ac45RP protein (Fig. 3 A and Fig. 
4A); both proteins localized  to vesicular structures in the cytosol, and in varicosities 
and grow th cones o f the neurites (Fig. 5A, B).
To study the effect o f Ac45RP-HA expression  on the intracellular localization o f the 
synaptic vesicles, the cells w ere stained w ith  the anti-SV2 and anti-VAMP2 antibodies. 
Intriguingly, w e observed  that N2a cells expressing a high level the Ac45RP-HA protein  
developed relatively long neurites com pared to non-transfected differentiated cells in 
the sam e dish. These neurites w ere often characterized by a high num ber o f filopodia  
and a high degree o f branching (Fig. 3A, B, asterisks) and m ost o f these neurites did 
not contain SV2/VAMP2 as the respective antibodies did n ot d etect these vesicular 
marker proteins (Fig. 3A, B). In cells expressing m oderate levels o f Ac45RP-HA, w e  
found the SV2 and VAMP2 distributions com parable w ith  those in non-transfected  
N2a (data n ot shown).
Generation and characterization  o f  stab le  N2a cell lines overexpressing Ac45RP
We then generated  stable N2a cell lines expressing Ac45RP-HA (lines #1 .9  and #2 .6 )  
or non-tagged Ac45RP (lines # 1 6  and # 3 0 )  as w ell as vector-transfected stable cell 
line controls (pcDNA3 clones #2  and #4 ). Quantitative RT-PCR analysis revealed that,
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Figure 5. Transient overexpression of Ac45RP-HA in N2a cells provokes 
extensive outgrowth of neurites devoid of SV2 and VAMP2. Prior to 
differentiation (0.3 mM dbcAMP], cells were transfected with an HA- 
tagged Ac45RP expression construct. Following differentiation, cells were 
immunostained either with (A] anti-HA and anti-SV2 antibodies or (B] with 
anti-HA combined with anti-VAMP2 antibodies. Cells overexpressing Ac45RP- 
HA showed extensive neurite outgrowth and/or neurite branching (asterisks].
Note that Ac45RP-HA-positive neurites were mostly devoid of SV2 and VAMP2.
Bar, 10 |im.
com pared to the Ac45RP mRNA expression  levels in w ild-type cells, in clones #1.9  
and #  2.6 Ac45RP mRNA expression w as increased  ~  8 tim es and ~  3 tim es, and in 
clones # 1 6  and #  30 ~  15 tim es and ~ 1 3  tim es, respectively. In the pcDNA3 clones, 
Ac45RP expression  w as unaffected.
We selected  Ac45RP clones # 2 . 6  (relatively lo w  Ac45RP-HA expression) and # 3 0  
(m oderate Ac45RP overexpression) for further analysis. Non-differentiated and 
dbcAM P-induced (4 and 24  hours) differentiated control cells and stable Ac45RP-N2a 
cells w ere stained  for Ac45RP, SV2 and VAMP4. Non-differentiated control N2a cells 
w ere m ostly roundly shaped and little neurite outgrowth w as observed. (Fig. 3 A). As 
previously observed, in these cells Ac45RP and SV2 w ere localized  to the Golgi area, 
w hereas VAMP4-positive vesicles w ere distributed over the cytoplasm . Intriguingly, 
under non-differentiating conditions, the A c45RP-overexpressing cells (clone #2 .6)  
displayed a m orphology different from that o f control cells. The Ac45RP-transfected  
cells w ere m ore flattened and displayed short extensions that contained significant 
am ounts o f Ac45RP, SV2 and VAMP4 (Fig. 6A and Fig. 7A). Already 4 hours follow ing  
differentiation o f the A c45RP-transfected cells, the SV2 protein w as exclusively found 
in the varicosities and in the extrem es o f  the new ly-form ed neurites, w hereas in 
m ock-transfected control cells the protein w as still m ostly found in the Golgi (Fig. 3C). 
Also, in these new ly-form ed extensions Ac45RP and VAMP4 w ere detected  (Fig. 7B). 
Twenty-four hours after differentiation SV2 had accum ulated in the tips
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Figure. 6. Ac45RP-overexpressing stable N2a cell lines are characterized 
by fast and extensive neurite outgrowth. Stably-transfected Ac45RP-HA 
overexpressing cells (line #2.6] were incited to differentiate by the addition of 1 
mM of dbcAMP and fixed and immunostained for Ac45RP and SV2 at several time 
points from the start of differentiation. (A] Prior to addition of dbcAMP, Ac45RP- 
HA expressing cells already showed SV2 accumulated in the tips of neurites. 
(B] Already after four hours of differentiation, extensive neurite outgrowth was 
observed in the Ac45RP-overexpressing cells. The neurites contained Ac45RP- 
positive vesicles. SV2 clearly accumulated in the tips and varicosities of the 
neurites, indicating these were mostly mature neurites. (C] Twenty four hours 
after differentiation, no major changes compared to the four hours time point were 
observed. The Ac45RP-overexpressing cells had formed a network, clearly more 
pronounced than that found in cultures of control cells (see figure 3). (D] Similar 
results were obtained for Ac45RP-overexpressing cell line #30. Bar, 10 |im.
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o f the neurites o f Ac45RP-overexpressing cells that form ed a network, clearly m ore 
pronounced than that found in cultures o f control cells (com pare Fig. 3D w ith  Fig. 6C], 
Also, the Ac45RP-transfected cells m ore extensively expressed  Ac45RP and VAMP4 in 
their neurites (Fig. 7C], Similar phenotypes w ere observed  for cells o f the Ac45RP- 
overexpressing clone # 3 0  (Fig. 6D).
A
0 h
B
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24 h
Figure 7. In Ac45RP-overexpressing stable N2a cell lines Ac45RP 
localization resem bles that of VAMP4. Stably-transfected Ac45RP-HA 
overexpressing cells (line #2.6] were incited to differentiate by the addition 
of 1 mM of dbcAMP and fixed and immunostained for Ac45RP and VAMP4 at 
several time points from the start of differentiation. (A] Non-differentiated 
clone #2.6 cells displayed numerous containing Ac45RP- and VAMP4-positive 
vesicular structures. (B] Already after four hours of differentiation and (C] more 
extensively after twenty-four hours, tight neuritic network had been formed.
Both Ac45RP and VAMP4 were found in the cytoplasm and in the varicosities 
and in the tips of the neurites. Bar, 10 |im.
Differential localization o f  endogenous Ac45RP, SV2, VAMP4 and TI-VAMP in prim ary  
ra t cortical neurons
Next, w e studied  in prim ary rat cortical neuronal cultures the subcellular localization  
o f endogenous Ac45RP during neural outgrowth. Cortical neurons w ere isolated  
from E19 rat em bryonic brains and cultured for several tim e periods. Six hours after 
plating o f the cells, m ost neuronal cells developed  n ew  neurites. Im m unostaining for 
Ac45RP revealed that the protein w as present in vesicles situated in the cytoplasm ,
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com parable to w hat w as observed  in differentiating m ouse N2a cells (Fig. 8 A-D], In 
addition, clear im m unostaining o f Ac45RP w as found in close proxim ity o f neural 
(3-tubulin (Tuj-1] (Fig. 8A], Analysis at higher m agnification revealed that in the 
growth cone o f the extending neurite neural tubules w ere preceded  by the Ac45RP- 
positive vesicles (Fig. 8A, m agnification). Intriguingly, in these neuronal cells Ac45RP 
clearly co-stained  w ith  VAMP4 in the som a and in the tip o f the neurites (Fig. 8C), 
w hereas SV2-positive vesicles w ere detected  only in the Golgi and in som e spots o f 
the grow ing neurite, but n ot in the grow th cone (Fig. 8B). After a culture period o f 2 
days, Ac45RP significantly co-stained  w ith  VAMP4 in the m aturing neuronal netw ork  
(Fig. 8D). At day 9, in addition to its presence in the Golgi, Ac45RP w as found in small, 
neural tubulin-associated structures in the neuronal netw ork that n ow  consisted  
o f m ore m ature axons and dendrites (Fig. 9A). To identify the nature o f th ese  small 
structures, w e co-im m unostained Ac45RP w ith  SV2 (Fig. 9B), VAMP4 (Fig. 9C) andTI- 
VAMP (Fig. 9D). Ac45RP w as significantly m ore co-localized w ith  VAMP4 (Mx = 0.71 ± 
0.02, M2 = 0.60 ± 0.03) and TI-VAMP (M1 = 0.72 ± 0.02, M2 = 0.45± 0.04) than w ith  SV2 
(Mx= 0.20 ± 0.02, M2 = 0.22 ± 0.03). Intriguingly, application o f an antibody directed  
against the V-ATPase V0c proteolipid  revealed that also the V0-sector w as presen t in 
the extensive neuronal network, in structures com parable to those found positive for 
Ac45RP (Fig. 10).
Discussion
In the present study, w e aim ed at unraveling the role o f the new ly-discovered, brain- 
specific glycoprotein Ac45RP. For this purpose, w e used  the w ell-characterized m ouse  
neural crest-derived N2a cell line and rat prim ary cortical neurons as cell m odels and 
generated a polyclonal antibody d irected against an evolutionarily conserved  peptide  
sequence in the Ac45RP-C-tail. The antibody specifically recognized  endogenous and 
recom binant ~80-k D a Ac45RP protein in N2a cell lysates. The additional > 180-kDa  
product recognized by the antibody m ight represent a relatively stable Ac45RP- 
containing complex.
To resolve the intracellular localization o f Ac45RP in N2a cells, w e perform ed  
im m unostainings w ith  the anti-Ac45RP antibody in com bination w ith  the vesicular 
marker proteins SV2 and VAMP2 for synaptic vesicles (Shupliakov and Brodin, 20 1 0 )  
and VAMP4 and TI-VAMP for the recently described  non-secretory vesicles (M eldolesi, 
2010). Intriguingly, no co-staining o f Ac45RP w ith  the synaptic vesicle  markers 
was observed. Apparently, Ac45RP resides in vesicles d istinct from the classical 
neurotransm itter- or neuropeptide-containing vesicles. In both differentiating  
N2a cells and prim ary neurons o f the rat, the intracellular distribution o f  Ac45RP 
resem bled  those o f VAMP4 and TI-VAMP, although only partial co-localization w ith  
these markers was observed. Thus, at presen t w e cannot exclude that Ac45RP is 
localized also to vesicles other than those containing VAMP4 or TI-VAMP. The nature o f 
these additional vesicles rem ains elusive. Immuno-EM studies w ith the anti-Ac45RP  
antibody and marker antibodies are currently being perform ed to address this issue. 
We observed  that during neurite outgrowth the pools o f  neurotransm itter vesicles  
and non-secretory vesicles w ere m ore distinct in prim ary cortical neurons than in 
the differentiating neuroblastom a N2a cells. This difference is m ost likely due to the 
difference in cell type studied. For instance, w hereas N2a cells n eed  high cAMP
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Figure 8. Subcellular distribution of Ac45RP, SV2 and VAMP4 in rat primary 
cortical neuronal cultures. (A] Neurons were cultured for six hours, fixed and 
stained with antibodies for Ac45RP combined w ith the neural (3-tubulin marker 
Tuj-1. Ac45RP-positive vesicles were localized in the cytoplasm and in the tips 
of extending neurites of the cells and in close proximity to neural (3-tubulin. (B] 
staining of 6-hour neuronal cultures with anti-Ac45RP and anti-SV2. Ac45RP- 
positive vesicles were present in the cytosol and in the extreme tips of the 
extending neurites. SV2-positive vesicles were mostly observed in the Golgi 
region and to some extent in the neurites but clearly not in the tips of these 
neurites. (C] Six-hour neuronal cell cultures were stained with anti-Ac45RP and 
anti-VAMP4 antibodies. Both Ac45RP- and VAMP4-positive vesicular structures 
were found in the cytosol and in the newly-formed neurites. (D] After a culture 
period of two days Ac45RP- and VAMP4-positive structures were found in the 
cytoplasm and partially co-localized in the extending immature neuronal 
network generated by the neurons. Bar, 10 |im.
merge
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Figure 9. Ac45RP localizes to small, m ostly VAMP4 and TI-VAMP- positive 
mem branous structures in a mature neuritic network of cultured rat 
cortical neurons. Primary ra t cortical neurons were cultures for nine days and
(A] stained with antibodies for Ac45RP and the neural (3-tubulin marker Tuj-1. 
Small Ac45RP-positive structures were found in close proximity with (3-tubulin.
(B] The nine-days old neuronal cell cultures were stained with the anti-Ac45RP 
antibody in combination anti-SV2 antibodies. SV2 was found in larger densities 
present throughout the neuronal network and these densities were devoid of 
Ac45RP. No colocalization of SV2 and Ac45RP was observed in the neuronal 
network. (C] The neuronal cultures were stained with the anti-Ac45RP antibody 
and the VAMP4 antibody or (D] with anti-Ac45RP combined with an anti-TI- 
VAMP antibody. Both VAMP4 and TI-VAMP were present in small membranous 
structures and partly colocalized with Ac45RP in the mature neuronal network. 
Bar, 10 |im.
merge
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levels to differentiate into neuron-like cells, the prim ary rat cortical cells are fully 
differentiated and already equipped w ith  the w hole m achinery n ecessary for neurite 
outgrowth, including w ell-defined  pools o f  vesicles.
The extensive neurite outgrowth observed  in both transiently and stably Ac45RP- 
transfected N2a cells points to an im portant role for Ac45RP in this process. Neurite 
outgrowth depends on non-secretory exocytosis involving vesicles containing the 
v-SNAREs VAMP4 or TI-VAMP (Coco et al., 1999; Cocucci et al., 2008; Martinez-Arca 
eta l., 2001). Interestingly, PC12 cells expressing a TI-VAMP m utant protein (ANter-TI- 
VAMP) show ed  unusually long neurites w ith  an increased  num ber o f filopodia, similar 
to those found in the Ac45RP-transfected N2a cells. The severity o f the transfected  
PC12 cell phenotypes w as linked w ith  the capacity o f the m utant protein to form stable 
SNARE com plexes (Martinez-Arca etal., 2000). Taking into consideration that Ac45RP  
is a paralog o f  the V-ATPase V0-binding accessory subunit Ac45 (chapter 6) and since 
V0 interacts w ith  v-SNAREs (Di Giovanni etal., 2010; Galli etal., 1996), w e hypothesize  
th atsp ecific  A c45R P/V 0/SNARE interactions occur during m em brane fusion events in 
the growth cone o f the developing neurite. To further study the role o f Ac45RP during  
outgrowth and in the generation o f filopodia, studies m ust be undertaken to visualize  
the presence o f actin in the m em brane expansions that occur as a resu lt o f Ac45RP  
overexpression.
Figure 10. V-ATPase V0 localizes to small m embranous structures in a 
mature neuritic network of cultured rat cortical neurons. Primary rat 
cortical neurons were cultured for nine days and stained with antibodies 
directed against the V-ATPase V0-c subunit and with the neuronal (3-tubulin 
marker Tuj-1. V0c was present in vesicular structures in the soma ofthe neurons 
and in small vesicular structures throughout the neuritic network and in close 
proximity with (3-tubulin. Bar, 10 |im.
Our previous studies in neuroendocrine cells overexpressing the Ac45 protein have 
show n an increase in the secretory capacity resulting in large m em brane expansions o f  
th ese  cells (chapter 2) and thus pointing to a role for A c 4 5 /V 0 in regulated exocytosis. 
Similarly, Ac45RP could play this role in non-secretory exocytotic events. Therefore, 
studies on the hypothesized  interaction b etw een  V-ATPase and Ac45RP will have 
to be conducted. Also, considering the observed  enhanced b iogenesis o f im m ature 
secretory vesicles in neuroendocrine m elanotrope cells expressing an excess o f the 
Ac45 protein (chapter 2), Ac45 RP could be involved in the b iogen esis o f non-secretory  
vesicles. Our observation that the transient Ac45RP-HA-expressing cells sh ow  little 
SV2 and VAMP2 expression m ight be related to such an enhanced non-secretory
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vesicle  b iogenesis. Ac45RP overexpression and thereby potential recruitm ent o f V0 
and specific SNAREs m ay have forced these cells to generate vesicles w ith  a distinct 
m em brane com position  than that o f the classical neurotransm itter vesicles. Possibly  
SV2 and VAMP2 do n ot find their target m em branes, resulting in their degradation.
Of im portance is our observation that Ac45RP is located  in the neuro-tub ular netw ork  
generated by the rat cortical prim ary neurons. The presence o f Ac45RP and the V - 
sector o f the V-ATPase in m ature dendrites m ight point to a role for A c45R P/V 0 in 
the m aintenance o f the highly plastic dendrites in w hich a constant rem odeling of 
the m em brane occurs (review ed  by Kennedy and Ehlers, 2011). Also, in the neuronal 
netw orks o f  m ature rat neuronal cultures TI-VAMP has been  found in dendritic 
structures (Coco e t  al., 1999), sim ilar to those found positive for Ac45RP, thereby  
strengthening the hypothesis that Ac45RP is involved in non-secretory m em brane 
fusion.
Analysis o f the high-m olecular w eight (> 180  kDa) com plex recognized by our anti- 
Ac45RP antibody m ight provide us w ith  the identification o f Ac45RP-interacting  
proteins in neuronal cells. Such an analysis could include isolation  o f the com plex  
from N2a cells using im m obilized anti-Ac45RP antibody and subsequent analysis o f 
the iso lated  protein com plex by m ass spectrometry. Alternatively, to identify Ac45RP- 
interactors, a yeast two-hybrid screen could be perform ed using the N-terminal or 
C-terminal Ac45RP protein dom ain as a bait.
Taking all results together, w e conclude that the brain-specific Ac45RP protein is a 
novel and im portant player in the process o f neurite outgrowth, and as such may 
therefore represent an interesting n ew  target for studies on neuroregeneration.
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The V-ATPase com plex is a general proton pum p that in eukaryotic cells com es in 
different flavors. A variety o f subunit isoform s allow s the assem bly o f slightly 
different V-ATPase com plexes, each optim ally suited to fulfill their respective  
functions in a specific cell type or cell organelle. W hen the V-ATPase is located at the 
plasm a m em brane, proton pum ping resu lts in extracellular acidification w hich plays 
a major role in acid-base h om eostasis in the proxim al tubules o f  the kidney and in 
the epididym is to generate an optim al acidic m ilieu  for sperm  storage. Furthermore, 
cancer cell invasion (Brown and Breton, 2000; Nishi and Forgac, 2 0 0 2 ) and  
osteoclastic bone resorption (Xu et al., 2007; Yao et al., 20 0 7 ) depend on extracellular 
acidification. Proton pum ps situated at an intraorganellar m em brane serve to acidify 
the intraorganellar m ilieu. Intraorganellar acidification is indispensable for lysosom al 
degradation, receptor-m ediated endocytosis, m em brane trafficking, neurotransm itter 
transport and post-translational m odifications o f  proteins in the secretory pathway, 
such as glycosylation and prohorm one processing by processing enzym es (Axelsson  
eta l., 2001; Paroutis et al., 2004; Schoonderw oert and Martens, 2001). Apart from its 
role in proton pumping, the V0-sector o f the V-ATPase has been  show n to be involved  
in Ca2+-dependent m em brane fusion as w ell (review ed  by El Far and Seagar, 2011).
In v iew  o f the im portant role o f (specific) V-ATPases in m any cellular processes, the 
targeting and regulation o f the pump are crucial for the physiology o f any organism. 
One candidate regulator o f  the V-ATPase in the regulated secretory pathway of  
neuroendocrine cells is the glycosylated type I m em brane protein Ac45. In the research  
described  in this thesis, w e used  a transgenic approach in the neuroendocrine Xenopus 
m elanotrope cell m odel to test the hypothesis that Ac45 serves as a regulator o f the 
V-ATPase. Furthermore, w e identified  tw o Ac45 variants (Ac45-like protein (Ac45LP) 
and A c45-related protein (Ac45RP)) w hich m ay be involved in V-ATPase regulation  
an d /or functioning specifically in lung and kidney (Ac45LP) and in the outgrowth o f  
neuronal cells (Ac45RP).
A. Ac45, a potential regulator of the V-ATPase
A l)  Ac45 as a regu la tor o f  the V-ATPase in the regulated  secretory pa th w ay
Our initial approach to study the role o f Ac45 concerned an endeavour to generate an 
Ac45 knock-out m ouse m odel, but due to early em bryonic lethality this attem pt w as 
n ot successful (Schoonderw oert and Martens, 2002 , see  below ). We therefore decided  
to create Xenopus w ith  transgene expression specifically in the interm ediate pituitary  
m elanotrope cells to explore the role o f Ac45 in the regulated secretory pathway of 
neuroendocrine cells. Previous studies w ith  w ild-type Xenopus m elanotrope cells 
have revealed that Ac45 is produced as an ~62-k D a glycosylated protein (now  
referred to as intact-Ac45) that is subsequently processed  in the early secretory  
pathway to an ~ 4 0  kDa carboxy-term inal Ac45 protein (cleaved-Ac45; Holthuis et al., 
1999; Schoonderw oert et al., 2002). The latter product corresponds to the ~ 4 5  kDa 
Ac45 protein originally iso lated  from bovine chromaffin granules (F ig .l and Supek et 
al., 1994). We hypothesized  that cleaved-Ac45 represents the functional part o f the 
protein that interacts w ith  the V-ATPase and regulates the pump. Recently, Lougie e t al. 
(Louagie et al., 2 0 0 8 ) d iscovered that intact-Ac45 is a substrate for the endoprotease
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furin. We observed  that in Xenopus m elanotrope cells the cleavage o f intact-Ac45 
occurs prior to its arrival in the TGN (Schoonderw oert e t al., 200 2 ), suggesting that in 
these cells furin is already active in the early secretory pathway, as previously found  
in HEK293 cells (Bass eta l., 2000).
We generated  a num ber o f independent transgenic Xenopus lines expressing  
intact-Ac45 or cleaved-Ac45 and for detailed  analysis focused on the m elanotrope 
cells expressing an excess o f cleaved-Ac45 (see  A2). The transgenic m anipulation  
severely affected several V-ATPase-dependent p rocesses in the regulated secretory  
pathway (chapters 2, 3 and 4). For instance, excess Ac45 resu lted  in increased  
granular acidification as show n by an increased  accum ulation o f the acidotrophic 
reagent DAMP. Also, the A c45-transgenic m elanotrope cells w ere less sensitive to 
the V-ATPase-specific inhibitor Bafilomycin A l. These results su ggested  that in the  
regulated secretory pathway o f the A c45-transgenic cells the V-ATPase system  was  
m ore active than in w ild-type cells. Intriguingly, proprotein processing w as affected  
in the m ore distal, relatively acidic secretory pathway com partm ents, but n ot in the  
early secretory pathway, indicating that Ac45 is involved in the regulation o f V-ATPase 
activity only in the late secretory pathway (chapter 3).
No signs o f ER stress w ere observed, as reflected by the fact that the expression  
level o f the ER chaperone BiP was unchanged and ER m orphology w as n ot affected  
in the A c45-transgenic cells com pared to w ild-type cells (E.J.R. Jansen, unpublished  
observations). Apparently, excess o f  Ac45 did n ot affect the neutral pH, but rather 
altered the V-ATPase system  exclusively in the late secretory pathway. From these  
observations w e conclude that cleaved-Ac45 is a regulator o f the V-ATPase in the 
regulated secretory pathway, in w hich a step -w ise decrease o f the intra-lum inal pH in 
the successive com partm ents is accom plished by the V-ATPase.
A2) Cleavage ofA c45 as a regulatory s tep  in V-ATPase functioning
Expression o f an excess o f  intact-Ac45 or o f Ac45 in w hich the cleavage site (CS) 
was rem oved (Ac45ACS) did n ot phenotypically change the transgenic Xenopus 
m elanotrope cells (see chapters 2 and 4). The m orphology oftheintact-A c45-transgenic  
m elanotrope cells w as indistinguishable from that o f  w ild-type m elanotrope cells. 
For instance, the microvillar plasm a m em brane structures that w ere present in the 
cleaved-A c45-transgenic cells w ere n ot found in these cells, also suggesting that 
com pared to w ild-type cells the secretory capacity o f the intact-Ac45-transgenic cells 
was unchanged. In addition, the change in dopam inergic inhibition o f secretion found  
for the cleaved-Ac45 transgenic cells (chapter 4) w as n ot observed w hen intact-Ac45 
or Ac45 ACS was overexpressed. The lack o f a clear phenotype could w ell be due to 
im proper trafficking o f intact-Ac45 and Ac45ACS, since m ost o f these Ac45 forms was 
localized to the ER. As expected, no proteolytic processing o f  Ac45ACS w as observed. 
The cleavage o f intact-Ac45 w as found to be inefficient. Apparently, the m elanotrope  
cells fail to efficiently transport intact-Ac45 and consequently m ost intact-Ac45 m ight 
not encounter its cleavage enzym e. The am ount o f transgenic protein produced by 
the cells is likely n ot the reason  for the lack o f transport, since the new ly synthesized  
level o f cleaved-Ac45 was com parable w ith  that o f intact-Ac45 and the cleaved-Ac45  
protein w as efficiently transported (chapter 2). Thus, rem oval o f the N-terminal 20-  
kDa dom ain o f Ac45 appears to be a prerequisite for its transport. The N-terminal
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dom ain can therefore be considered  as a pro-dom ain, causing intact-Ac45 to be 
retained in the early secretory pathway and presen t in an ‘inactive’ state towards the 
V-ATPase.
As m entioned  above, furin probably represents the Ac45 cleavage enzym e. Mouse 
pancreatic (3-cells devoid  o f furin exhibited an increased  intragranular pH, and 
decreased  pro-insulin processing and insulin secretion. The authors hypothesized  
that reduced Ac45 processing m ay underlie the observed  phenotype (Louagie et 
al., 2008 ). In studying transgenic Xenopus m elanotrope cells, w e in deed  found that 
the cleavage o f  Ac45 is crucial for V-ATPase functioning in the regulated secretory  
pathway (chapters 2 and 3).
A3) A role fo r  the cytoplasm ic ta il ofA c45  in V-ATPase regulation
Sorting signals in the lum enal, transm em brane and cytoplasm ic dom ains o f  
transm em brane proteins can regulate exocytic an d /or endocytic trafficking. Such 
signals are recognized by intracellular transport and sorting m achineries (review ed  
by Cobbold e t  al., 2003). In the Ac45 protein, w e identified  an autonom ous routing  
signal w ithin its 26  amino acids long carboxy-term inal tail. In transfected CV-1 cells, 
the cytoplasm ic dom ain w as show n to be essentia l for Ac45 internalization from the 
plasm a m em brane (Jansen e t  al., 1998).
Recently, the role o f Ac45 w as also addressed  in bone-resorbing osteoclasts. 
In differentiating RAW 264 .7  cells, Ac45 expression was induced during  
osteoclastogenesis. In mature osteoclasts, endogenous Ac45 w as found as a 45-kDa  
protein, indicating that also in osteoclasts intact-Ac45 is proteolytically processed  
(Feng e t  al., 2008). O steoclastic bone resorption depends on V-ATPase-mediated  
acidification o f the extracellular resorption lacunae (Kartner et al., 2010; Xu et 
al., 2007). In osteoclasts expressing a carboxy-terminally truncated Ac45 m utant 
(Ac45AC), a severe reduction in bone resorption capacity w as observed. Also, Ac45AC 
displayed a dram atically low er interaction strength w ith  the V0c” subunit than wild- 
type Ac45, w hereas its interaction strengths w ith  V0a3 and V0d l  w ere increased, 
and the interaction w ith  V0-c was sim ilar to that in w ild-type cells. Removal o f the 
A c45carboxy-term inal tail m ay have changed its conform ation, resulting in the 
observed  altered interaction properties towards V0 (Feng et al., 2008). However, 
an alternative explanation for the observed phenotypes concerns a difference in 
endoproteolytic processing efficiency, but unfortunately the Ac45 cleavage event was 
n ot addressed  in Feng et al (2008).
In transgenic Xenopus m elanotrope cells, Ac45AC is m ore heavily N-glycosylated and 
m ore efficiently p rocessed  than intact Ac45. Moreover, this m utant w as efficiently  
transported towards the plasm a m em brane o f the m elanotrope cells (chapter 4). We 
speculate that rem oval o f the Ac45 carboxy-term inal tail changed its conform ation, 
possib ly by an affected glycosylation such that m ore efficient endoproteolytic  
processing was allowed. Importantly, N-linked glycosylation is essential for Ac45 
export from the ER (Holthuis e t  al., 1999). Moreover, it is know n that the glycolytic 
state o f a transm em brane protein can influence its endoproteolytic processing. For 
instance, underglycosylation o f the m em brane-bound transcription factor CREB-H 
inhibited its proteolytic activation (Chan et al., 2010). Alternatively, intracellular 
transport m achineries m ight be involved that bind the Ac45 carboxy-term inal region, 
thereby regulating its transport from the ER to the Golgi and possib ly affecting the
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conform ation o f Ac45.
In v iew  o f the above results, it w ould  be o f in terest to identify the proteins interacting  
w ith the cytoplasm ic portion o f the Ac45 protein. In any case, the studies in osteoclasts, 
m elanotropes and transfected CV-1 cells sh ow  that the carboxy-term inal tail o f  Ac45 
plays an im portant role in the regulation o f the V-ATPase.
A 4)A c45  and Vg-m edia ted  post-SNAREfusion
Increasing evidence from studies on yeast vacuole (Bayer et al., 2003; Peters e t  al., 
2001), fly neurons (H iesinger et al., 200 5 ), m ouse pancreatic p-cells (Sun-Wada et 
al., 20 0 6 ) and osteoclasts (Ochotny et al., 20 1 1 ) n ow  indicate that, apart from its 
function in proton pum ping, the V0-sector o f  the V-ATPase also executes an im portant 
role in Ca2+-dependent exocytosis beyond the Soluble N-ethylm aleim ide-sensitive  
factor A ttachm ent Protein (SNAP) Receptors (SNAREs). Prior to their fusion w ith  the  
plasm a m em brane, secretory vesicles dock at their target m em brane. This process  
involves cortical F-actin and the m inim al docking m achinery com posed  o f Munc-18, 
syntaxin-1, SNAP-25 and synaptotagm in-1 (de W it et al., 2009 ), and precedes vesicle  
prim ing and the form ation o f the full SNARE trans com plex involving the vesicle- 
SNAREs vesicle-associated  m em brane protein-2 (VAMP-2) and synaptophysin, and 
the target m em brane SNAREs syntaxin-1 and SNAP-25. For Ca2+-dependent secretion, 
synaptotagm in-1 is generally considered the vesicular Ca2+-sensor that upon influx of  
Ca2+ affects the conform ation o f the v-SNAREs to interact w ith  t-SNAREs and provoke 
lipid bi-layer m ixing (review ed  by Pang and Sudhof, 2010).
Interestingly, interactions b etw een  the V-ATPase (V0a and V0c) and the SNARE system  
(VAMP-2 and synaptophysin) have b een  observed  in the yeast vacuole (Galli e t  al., 
1996). Moreover, the V0-SNARE interaction involves Ca2+/calm odu lin  binding to 
VAMP2 (Di Giovanni et al., 201 0 ), providing a m olecular link b etw een  V0 and Ca2+- 
dependent m em brane fusion w ith  a central role for the V0a subunit. In Torpedo 
m arm orata  nerve term inals, the brain-specific V0a l  isoform  interacts w ith VAMP-2 
(Morel et al., 2 0 0 3 ) and contains a Ca2+/calm odulin-b inding site that was show n to be 
essential for calm odulin recruitm ent to the synapse (Zhang et al., 2008). Disruption  
o f the V0a l  subunit gene in Drosophila ham pered vesicle  fusion w ith  the presynaptic 
m em brane, further im plicating a post-SNARE role for V0a l  and thus for V0 in synaptic 
m em brane fusion (H iesinger et al., 2005).
Our studies in transgenic Xenopus m elanotrope cells also point to a role for the 
V-ATPase V0-sector in neuroendocrine secretion. In the A c45-transgenic cells, the Ca2+- 
dependent, but n ot the constitutive, secretory efficiency w as elevated. The increased  
secretory efficiency caused plasm a m em brane protrutions w ith  an accum ulation o f the 
V-ATPase (chapter 2). Regulated secretory vesicles contain active V-ATPases and in the 
A c45-transgenic cells endogenous V-ATPase was recruited to the secretory pathway  
resulting in a decrease o f the intravesicular pH (chapters 2 and 3). Excess Ac45 m ight 
thus have increased  the am ount o f V0 in the granules, facilitating m em brane fusion  
via trans-V0-com plexes and via interactions w ith  the SNARE system . Alternatively, the 
excess o f Ac45 m ay have affected the conform ation o f V0, m aking it m ore accessible  
for SNARE interactions and causing increased  secretory efficiency. Altogether, w e  
propose a pivotal role for the V-ATPase accessory subunit Ac45 in V0-m ediated Ca2+- 
dependent exocytotic secretion. The various step s in V-ATPase regulation by Ac45 are 
presented  in Fig. 1.
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Figure 1. Model of the role of Ac45 in V-ATPase functioning. (A] Assembly of 
the V-ATPase V0-sector in the endoplasmatic reticulum (ER]. Newly synthesized 
Ac45 is anchored in the ER-membrane and interacts with the V0-sector. In 
the ER/ER-to-Golgi Intermediate Compartment (ERGIC], endoproteolytic 
processing of Ac45 by furin results in the release of the amino-terminal domain 
of Ac45, provoking a conformational change in the Ac45 protein tha t on its turn  
affects the conformation ofV0. (B] Ac45/V0 arrives at the Golgi and the change 
in V0 conformation allows binding of the cytoplasmic V-ATPase Vj-sector. The 
formation of the V-ATPase holoenzyme results in an active proton pump causing 
a slight decrease in the luminal pH of the trans-Golgi network (TGN]. From the 
TGN, secretory cargo proteins are sorted into immature secretory vesicles and 
V0 interacts with the v-SNARE VAMP2. (C] During maturation of the secretory 
vesicles, the V-ATPase progressively acidifies the intravesicular lumen. After 
dissociation of the Vj-sector, V0 is available to play its role in membrane fusion.
(D] An influx of Ca2+ triggers vesicle priming by activating the v- SNAREs. 
Ca2+/calm odulin binds Ac45/V0 via the V0a subunit allowing Ca2+-dependent 
exocytosis.
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A5) A role fo r  Ac45 in V-ATPase regulation during early developm ent
The V-ATPase plays an essential role in vertebrate developm ent. Targeted disruption  
of the m ouse gene encoding the proteolipid  c-subunit resu lted  in early em bryonic  
lethality (Inoue et al., 1999). From this stud y the authors concluded that acidic 
endom em brane organelles are indispensable for ep ib last proliferation and that 
active V-ATPase is required. Interference w ith  V-ATPase functioning m ost likely  
affected m em brane transport and internalization o f  grow th factors (Sun-Wada 
et al., 2000). Further indications for a requirem ent o f the V-ATPase during early  
developm ent cam e from studies in Drosophila  (Allan et al., 2 0 0 5 ) and C.elegans 
in w hich deletion  o f the proteolipid  subunits, three o f  the four V0a subunits and of 
VXC resulted  in developm ental lethality (Oka and Futai, 2000; Oka et al., 2001). In 
zebrafish, the disruption o f a num ber o f V-ATPase genes, including Ac45, caused severe  
m alform ations o f the m elanocytes and retinal p igm ented epithelium , and increased  
apoptosis o f neurons in the brain and the eye (Nuckels e t  al., 2009). Treatm ent of 
Xenopus and chick em bryos w ith  the V-ATPase-specific inhibitor Bafilomycin A l  
resulted  in a disturbance o f em bryonic left-right patterning (Adams e t  al., 2006). 
Moreover, downregulation o f V-ATPase subunits or inhibition o f V-ATPase activity in 
developing Xenopus em bryos interfered w ith  W nt-signaling (Cruciat et al., 2010). 
These data su ggest an im portant and general role for the V-ATPase in vertebrate 
developm ent.
As m entioned above, w e sought to study the role o f Ac45 as a V-ATPase regulator 
by knocking out its gene in m ouse. Injection o f the m utant b lastocysts prevented  
norm al b lastocyst developm ent, indicating that in m ouse disruption o f the single 
Ac45  gene greatly interferes w ith  early m ouse em bryonic developm ent. Interestingly, 
developm ental abnorm alities, such as failure to develop a sw im  bladder and defects 
in the appearance o f pigm entation, w ere also observed  in a screen for genes involved  
in zebrafish developm ent and in w hich the Ac45  gene w as m utated (Am sterdam  et al.,
1999).
Further evidence for the im portance o f V-ATPase regulation cam e from studies that 
identified  a role for proton fluxes in a specific early developm ental event, nam ely the 
establishm ent o f  left-right asym m etry in vertebrates. Proton fluxes generated by the 
H+/K +-ATPase (Levin etal., 2 0 0 2 ) and by the V-ATPase (Adams etal., 20 0 6 ) act in early 
d evelopm ent upstream  o f asym m etric m arkers such as Sonic hedgehoc and nodal. 
Specific V-ATPase inhibitors and m isexpression  o f a dom inant-negative version  o f the 
VXE subunit (Lu et al., 2 0 0 2 ) in Xenopus and zebrafish em bryos caused random ization  
(Adams et al., 2006 ), indicating a crucial role for the V-ATPase in m aintaining both  
cytoplasm ic pH and m em brane voltage.
We found that Ac45 mRNA is m aternally expressed  as early as in the unfertilized  
egg (chapter 5). In four-cell stage Xenopus em bryos Ac45 mRNA expression  in 
the dorsal b lastom eres is nuclear, in contrast to its cytoplasm ic localization in the 
ventral cells (Rutenberg et al., 2002). Furthermore, the 40-kDa cleaved-Ac45 protein  
is presen t in Xenopus oocyte/em bryo lysates (our unpublished results). Altogether, 
these observations prom pted us to study the role o f Ac45 in early Xenopus left-right 
patterning. Therefore, recom binant cleaved-Ac45 and a cleaved version  o f the Ac45 
isoform  Ac45LP (chapter 5) w ere expressed  in one-cell stage Xenopus em bryos 
and tadpoles w ere scored for heterotaxia at developm ental stage 45. Preliminary
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results sh ow ed  that m isexpression  o f cleaved-Ac45LP induced 7.2% heterotaxia  
(n=223, p< 0.001; x2=16.47) and cleaved-Ac45 overexpression in 1.6% heterotaxia  
(n= 251, p<0.01; x2= 9.1), com pared to buffer-injected controls (0.9% heterotaxia, 
n =342) (A.P. Sinke, E. Zeetsen and E.J.R. Jansen, unpublished observations). Thus, in 
Xenopus em bryos Ac45LP expression m ildly affected em bryonic left-right asymmetry, 
possib ly by interfering w ith  V-ATPase functioning and acting as a dom inant-negative 
com petitor o f endogenous Ac45. Notably, the level o f  heterotaxia found in our studies  
w as low er than that reported for expression o f a dom inant-negative m utant o f the 
V t E subunit (20%  heterotaxia, Adams e t  al., 2006 ), suggesting that m isexpression  o f  
the V-ATPase accessory subunits Ac45 and Ac45LP less severely affected V-ATPase 
functioning than m anipulating the integral V E subunit.
Altogether, these resu lts in m ouse, zebrafish and Xenopus clearly point to an im portant 
role for Ac45 in vertebrate developm ent, m ost likely as a regulator o f the V-ATPase.
B. ATP6AP2/(pro)renin receptor and V-ATPase functioning
B1)  D iscovery o f  ATP6AP2 as a receptor fo r  (projrenin
The research described in this thesis focuses on the accessory subunit Ac45 as a 
potential regulator o f the V-ATPase. However, follow ing its identification in 1994, 
a second  V-ATPase accessory subunit w as found. In bovine chromaffin granule 
m em branes, a sm all ~9-kD a protein denoted  M8-9 has been  identified  as an accessory  
subunit o f the V-ATPase. Like Ac45, M8-9 (now  referred to as carboxy-term inal 
fragm ent (CTF) o f ATP6AP2) was found to be associated  w ith  the V0-sector o f the 
proton pump (Ludwig e t  al., 1998). ATP6AP2 is broadly expressed  in the vertebrate 
central nervous system  (Bader, 2007; Cruciat et al., 2010; Nguyen et al., 2002). For a 
long time, this V-ATPase accessory subunit w as essentially  ignored.
In 2 002 Nguyen et al. (Nguyen et al., 2 0 0 2 ) searched for proteins involved in the renin- 
angeotensin  system  (RAS) that in m am m als is critical for controlling b lood pressure  
and salt balance. The discovery o f the 40-kDa type I transm em brane (pro)renin  
receptor ((P)RR) as the receptor for the aspartyl protease (pro)renin w as considered  
to be a major step forward in understanding the local function o f (pro)renin in the 
RAS. It w as only in 20 0 7  that Michael Bader recognized  the identity b etw een  (P)RR 
and ATP6AP2, and proposed  a 'second life’ for (P)RR, nam ely as a protein affecting  
V-ATPase functioning (Bader, 2007).
B2) A dual role fo r  ATP6AP2/(pro)renin receptor in V-ATPase regulation and RAS
The exact intracellular localization o f ATP6AP2 is still under debate and m ight 
vary b etw een  cells. For instance, in rat kidney collecting duct intercalated cells the 
protein w as localized  to intracellular structures and to plasm a m em brane microvilli, 
and colocalized w ith  the V-ATPase (Advani et al., 2009). In transfected Hela S3 cells, 
ATP6AP2 was localized to the ER, but its CTF localized to various subcellular structures 
(Schefe et al., 2006). Thus, the intracellular localization o f the intact protein m ight be 
different from that o f its V-ATPase-associated CTF.
The carboxy-term inal region o f ATP6AP2 has been  clearly m ore conserved  am ong  
vertebrates and invertebrates than its N-terminal domain. Taking into account that
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invertebrates do n ot have a RAS, Bader proposed  that the function o f ATP6AP2 as a 
receptor for (pro)renin evolved later than its function as part o f the V-ATPase com plex  
(Bader, 2007).
A recent study has show n that in rat kidney ATP6AP2 is co-expressed  w ith  the 
V-ATPase in m icrovilli at the lum inal surface o f the alpha-intercalated collecting duct 
cells that have a key role in final uriny acidification. Interestingly, the phosphorylation  
o f ERK1/2 is induced by (pro)renin binding to the receptor and highly depends on 
the activity o f the V-ATPase (Advani et al., 2009 ). Furthermore, during early Xenopus 
developm ent a renin-independent role for ATP6AP2 in W nt-signaling w as elucidated. 
The authors proposed  a role for ATP6AP2 as an adaptor b etw een  the W nt co-receptor  
LRP6 and the V-ATPase, and that this interaction is required for W nt/(3-catenin  
signaling (Cruciat et al., 2010). Together, th ese  studies indicate a functional link  
betw een  ATP6AP2 and V-ATPase functioning.
B3) A role fo r  ATP6AP2/(pro)renin recep tor in neuroendocrine cell activation?
Recently, w e perform ed a m icroarray analysis o f black-background-stim ulated  
Xenopus m elanotrope cells (Kuribara et al., 2 0 1 1 ) and found ATP6AP2 mRNA 
expression to be co-induced w ith  POMC expression  (N.H.M. van Bakel, E.J.R. Jansen and 
G.J.M. Martens, unpublished data). Interestingly, further detailed  analysis o f V-ATPase 
subunit mRNA expression levels using qPCR revealed that only the expression  o f the 
accessory subunits Ac45 and ATP6AP2, and n ot o f the ‘com m on’ subunits, increased  
( ~  3-fold upregulation) upon stim ulation o f the m elanotrope cells. This observation  
im plies that, in addition to Ac45, also ATP6AP2 m ight play a role in neuroendocrine 
V-ATPase functioning in the regulated secretory pathway or in m elanotrope cell 
activation. Subsequent analysis o f  the ATP6AP2 protein in Xenopus kidney, brain and 
pituitary revealed that in neuronal and neuroendocrine tissu es the protein is m ostly  
present as its ~ 9  kDa CTF, w hereas in kidney m ore o f the full-length 40-kDa protein  
was found (E. Bres and E.J.R. Jansen, unpublished data). Clearly, ATP6AP2 processing  
occurs in a tissue- or even cell-specific manner. To our know ledge, these analyses 
perform ed in Xenopus are the first to sh ow  the co-existence o f endogenous 40- and 
9-kDa ATP6AP2 w ithin  the sam e tissue. To further elucidate the role o f ATP6AP2 
towards the neuroendocrine V-ATPase system , our transgenic approach in Xenopus 
m elanotrope cells, w hich proved to be a powerful tool to elucidate the role o f Ac45, 
w ould  be very helpful. For this, transgenic Xenopus lines expressing both 40-kDa- and 
9-kDa ATP6AP2 should  be generated  and m elanotrope cell functioning analyzed.
C. The Ac45-family consists of Ac45, Ac45LP and Ac45RP
The identification o f Ac45LP (chapter 5) and Ac45RP (chapter 6), for the first tim e  
show ed  that the Ac45 protein is part o f  a sm all family o f  N-glycosylated type I 
transm em brane proteins w ith  short cytoplasm ic tails that share the h ighest degree  
o f sim ilarity in the region com prising the transm em brane domain. Just N-terminal 
o f this m em brane-spanning domain, the proteins contain two conserved  cysteine  
residues that m ost probably are im portant for the proper conform ations o f the  
proteins. W hile the Ac45LP  gen e is n ot presen t in placental m am m als, likely as 
a resu lt o f gene loss, in birds the Ac45  gen e appears to be lo st (chapter 5). Chick
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Ac45LP cDNAs have been  found in brain (accession#  C 0763001), interferon- 
stim ulated m acrophage (accession# CK60980), ovary (accession#  B U 462199), lim bic 
(accession#  B U 128756) and k idney/adrenal (accession# B U 374971) cDNA libraries 
(E.J.R. Jansen, unpublished data). The identification o f th ese  cDNAs indicates that, 
different from w hat w as found for Xenopus laevis, in chick Ac45LP is also expressed  
in tissu es other than in kidney and lung. Taken together, it appears that Ac45LP is the 
functional Ac45-variant in birds. Furthermore, in considering the fact that proteolytic 
processing (by furin) generates the functional cleaved-Ac45 protein, it is im portant 
to note that the furin cleavage site that is absent from Xenopus Ac45LP has been  
conserved  in chick Ac45LP. Thus, chick Ac45LP m ight be p rocessed  by furin and the 
cleaved-A c45 LP m ay very w ell act as a regulator o f the V-ATPase in this species.
The role o f Ac45LP in Xenopus neuronal developm ent, and in kidney and lung cells 
rem ains to be elucidated. Interestingly, kidney collective duct intercalated cells and  
lung alveolar cells express a variety o f V-ATPase subunit isoform s. For instance, V1C2b, 
V B l, V^GS, V0d2 are considered  to be kidney-specifically expressed, w hereas VxC2a is 
a lung-specific V-ATPase subunit isoform , and splicing variants o f  V0a4 are expressed  
in kidney and lung (review ed by Toei et al., 2010). Thus, Ac45LP m ight display kidney- 
or lung-specific interaction w ith  and regulation o f the V-ATPase. Unfortunately, anti- 
Ac45LP antibodies are currently n ot available.
The third m em ber o f the Ac45 family is the brain-specific Ac45RP protein that w e  
detected  only in vertebrate species. Phylogenetic analysis revealed that this gene has 
evolved later in evolution, possib ly to provide further specialization o f the V-ATPase 
in the brain (chapter 6). Although its overall structural properties are sim ilar to 
those o f Ac45 and Ac45LP, Ac45RP is characterized by a shorter lum inal dom ain  
(not containing a potential furin recognition site) and a larger cytoplasm ic tail. 
Furthermore, the Ac45RP protein was found to be m ore extensively N-glycosylated  
com pared to Ac45 and Ac45LP w hich m ight contribute to its stability. Apparently, in 
contrast to Ac45, the Ac45RP protein is n ot produced as a precursor protein and, as 
show n in our intracellular localization studies (chapter 7), intact-Ac45RP is effectively  
transported from the ER to the Golgi and successive vesicular structures (see below ). 
Therefore, w e consider Ac45RP as a constitutively active version  o f  Ac45. The question  
arises w hy only neuronal cells (and n ot closely related neuroendocrine cells) w ould  
n eed  such a constitutively active form o f a V-ATPase regulator. In this connection it 
is im portant to realize that Ac45RP is m ost prom inently expressed  in the olfactory  
bulb o f  adult m ouse brain, a region that harbors m any new ly-born neuroblasts  
transported from the subventricular zone via the rostral m igratory stream  (RMS). 
Following arrival in the olfactory bulb, these cells detach from the RMS and find their 
target layers, the granule cell layer or the glom erular layer, w here they m ature into  
olfactory inhibitory interneurons (review ed by Alvarez-Buylla and Garcia-Verdugo, 
2002; W hitm an and Greer, 2009). Maturation o f neuronal precursor cells involves 
extensive neuronal outgrowth (review ed  by Lledo et al., 2 006).We therefore reasoned  
that Ac45RP m ight be involved in the process o f neural outgrowth, a property clearly  
n ot shared by neuroendocrine cells.
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D. A role for Ac45RP in neurite outgrowth?
Neurite outgrowth involves the rem odeling and the extension o f  the cytoskeleton  
(actin and m icrotubules) and expansion o f the mem brane. These events largely occur 
at the tip o f the extending neurite, the grow th cone. Both events have b een  show n to be 
regulated by Rho A and Rac-1, tw o m em bers o f  the Rho GTPase family w hich are also 
involved in stabilizing the integrin-dependent adhesion sites o f  the growth cone (Woo 
and Gomez, 2006). The en largem ent o f the m em brane m ost likely involves two types 
o f specialized  non-secretory grow th cone vesicles (GCVs), nam ely plasm alem m a- 
precursor vesicles (Pfenninger et al., 2 0 0 3 ) and en largeosom es (Cocucci et al., 2004; 
Racchetti et al., 2010; Schulte et al., 2010). Interestingly, the non-secretory m em brane 
fusion events depend on elevated cytoplasm ic Ca2+-levels and involve the com m on  
plasm a m em brane-fusion m achinery that includes SNAP-25 and syntaxin. Thus, 
at first sight, th ese  fusion events m im ic those know n for synaptic vesicle fusion. 
However, specific m em bers o f the synaptobrevin family o f VAMPs are involved in the  
various fusion events. W hereas synaptic vesicles use VAMP-2 (Bonanom i e t  al., 20 0 6 )  
as their vesicle  SNARE protein, en largeosom es are characterized by the presence of  
VAMP-4 (Cocucci et al., 2 0 0 8 ) and plasm alem m a precursor vesicles contain tetanus  
toxin-insensitive (TI)-VAMP (Martinez-Arca et al., 2000). Thus, the fusion m achinery  
executing the different vesicular m em brane fusions in neurons consists o f  distinct 
pools o f vesicles.
Our resu lts presented  in chapter 7 point to a role for Ac45RP in the process o f non- 
secretory m em brane fusion during neurite outgrowth. In grow ing neurite term inals 
o f rat cortical neurons, relatively early, already during the em bryonic phase o f rat 
brain developm ent, the core com ponents o f the SNARE com plex (SNAP25, syntaxin, 
m u n cl8 )  accum ulate in the grow th cones. Synaptic vesicles carrying com ponents 
such as SV2, V-ATPase holoenzym e and synaptophesin  arrive m uch later (Igarashi et 
al., 1997), indicating that at that tim e the neurite m atures and synaptic transm ission  
is active. Clearly, neurite outgrowth involves vesicle  pools different from those  
responsible for neurotransm ission. Our observations that in rat cortical neurons 
Ac45RP accum ulates in the growth cones o f  the extending neurites prior to the 
arrival o f SV2 clearly indicates that Ac45RP is involved in non-secretory m em brane 
fusion. Subsequent studies using antibodies d irected against VAMP4 revealed that 
although com plete co-localisation o f Ac45RP w ith  this marker w as n ot observed, the 
localization o f endogenous Ac45RP resem bled  that o f VAMP4 prior to, during and 
follow ing neurite outgrowth in both m ouse neuroblastom a N2a cells and rat cortical 
neurons (chapter 7). These proteins are m ainly presen t in the Golgi region o f the 
non-expanding cells, but during the process o f neurite outgrowth they both largely 
localize to vesicular structures in the extending neurite, including the growth cone. 
Similar to endogenous Ac45RP, an HA-tagged version  o f Ac45RP expressed  in N2a 
cells localized to vesicular structures d istinct from VAMP2- or SV2-positive synaptic 
vesicles. Intriguingly, overexpression o f Ac45RP in N2a cells resulted in extensive 
neurite outgrowth, resem bling the phenotype observed  in PC12 cells overexpressing  
TI-VAMP (Martinez-Arca et al., 2000; Martinez-Arca et al., 2001).
Importantly, w e found Ac45RP in the neurite tip in front o f the neural tubulin marker 
Tuj-1, also indicating that Ac45RP is involved in m em brane extension  at the growth  
cone. Furthermore, Ac45RP localizes to sm all structures in the dendrites o f  m ature
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rat cortical neurons. These as yet undefined structures are very sim ilar to th ose found  
for TI-VAMP in m ature cultured neurons and w ere hypothesized  to be involved in 
activity-dependent dendritic rem odeling (Coco e t  al., 1999). Interestingly similar 
structures also contained V0 (chapter 6). Although the involvem ent o f the V-ATPase in 
m em brane fusion is still under debate, increasing evidence supports the involvem ent 
o f the V0-sector o f the V-ATPase in post-SNARE m em brane fusion (see paragraph A4 
and (see  paragraph A4 and El Far and Seagar, 2011 ). As such, V0 (possibly bound to 
Ac45RP) m ight be involved in dendritic rem odeling as well. In the m ature neuritic  
netw ork no co-localisation o f Ac45RP w as observed  w ith  the presynaptic marker 
SV2. Since SV2 functions in presynaptic neurotransm itter- and neuropeptide vesicles  
(Buckley and Kelly, 1985), these observations point to a role for Ac45RP at the p ost­
synapse rather than in presynaptic secretory processes.
In developing m ouse em bryos, Ac45RP mRNA w as expressed  from E13.5 onwards 
and slightly increased  during further prenatal developm ent o f  the nervous system  
(chapter 6). The expression  levels dramatically increased  from postnatal day 0 
onwards, indicating that Ac45RP m ight be involved in both em bryonic and postnatal 
m em brane rem odeling events (e.g. during neurite outgrowth and synaptogenesis, 
respectively). Together, these observations indicate a role for Ac45RP in m em brane 
fusion during neurite outgrowth and m aintenance o f active post-synaptic m em branes 
and n ot in synaptic neurosecretion.
Since Ac45RP is a paralog o f Ac45, w e propose a m odel in w hich Ac45RP interacts 
w ith the V0-sector o f the V-ATPase. Given that in addition to its involvem ent in synaptic  
m em brane fusion, V0 recruits Ca2+/ca lm odu lin  to nerve term inals (Zhang e t  al., 2 008), 
A c45RP/V0 m ay function in post-SNARE Ca2+-dependent m em brane fusion o f non- 
secretory vesicles w ith  the plasm a m em brane. Under th ese  circum stances the V - 
sector w ould  function in a V j-independent matter, since non-secretory vesicles exhibit 
a neutral pH in their lum en (Cocucci et al., 2 0 04) and thus Vj-m ediated proton pum ping  
is m ost likely n ot involved. In this m odel, presented  in fig. 2, Ac45RP w ould  direct in 
the Golgi region a subgroup o f V0 com plexes into specific non-secretory vesicles. Other 
V0 com plexes w ould  be guided by Ac45 into neurotransm itter/neuropeptide vesicles  
(fig. 1) and here V0 interacts w ith  the SNARE protein VAMP2 (Di Giovanni etal., 2010). 
Ac45RP-guided V0-sectors w ould  interact w ith  other vesicular SNARE proteins, m ost  
likely TI-VAMP or VAMP4. The V0-sector is also involved in endosom al m em brane 
trafficking and binds the cytosolic GDP/GTP exchange factor ARNO and the small 
GTPase Arf6 (Hurtado-Lorenzo et al., 2006). Recently, TI-VAMP has been  show n to 
transiently interact in the Golgi w ith  the guanidine nucleotide exchange factor Varp, a 
regulator o f the sm all GTPase Rab21, w hich is a positive effector o f neurite outgrowth  
(Burgo e t  al., 2009). We therefore speculate that A c45RP/V 0 forms an interaction site 
retrieving m em brane trafficking- and m em brane fusion m achinery proteins including  
m em bers o f the family o f sm all GTPases, SNAREs and Ca2+/calm odulin . To validate 
this m odel, studies w ill have to be conducted to unravel the tem poral and spatial 
interactions o f  Ac45RP w ith  V0 and other proteins.
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Figure 2. Model of the role of Ac45RP in V-ATPase functioning. (A]
Assembly of the V-ATPase V0-sector in the endoplasmatic reticulum (ER]. 
Ac45RP interacts with the V0-sector and guides V0 from the ER/ER-to-Golgi 
Intermediate Compartment (ERGIC]. (B] Ac45RP/V0 arrives at the Golgi, but 
the conformation of V0 (caused by its interaction with Ac45RP] does not allow 
binding of the cytoplasmic V-ATPase Vj-sector. From the TGN, non-secretory 
vesicles are formed in which Ac45RP/V0 interacts with the v-SNAREs VAMP4 or 
TI-VAMP. The non-secretory VAMP4-positive vesicles contain the cargo protein 
AHNAK. (C] In contrast to the regulated secretory vesicle lumen, the lumen of 
the non-secretory vesicle does not become acidified. V0 is available for its role in 
membrane fusion. (D] Upon arrival at the growth cone, an influx of Ca2+ triggers 
non-secretory vesicle priming by activating v-SNAREs. Ca2+/calmodulin binds 
Ac45RP/V0 via the VQa subunit allowing Ca2+-dependent exocytosis.
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E. Future prospects
El. The role ofAc45RP
This thesis describes the discovery of the brain-specific Ac45RP protein. The first 
functional studies conducted on this protein (chapter 7) point to a role of Ac45RP in 
driving neurite outgrowth. Its relation with the V-ATPase is still elusive and for now 
based on its structural similarity to the Ac45 protein. Therefore, the hypothesized 
role of Ac45RP in neurite outgrowth and neurodevelopment should be further 
studied with a multi-disciplinary approach and in a variety of cell/animal models. 
For instance, Xenopus with transgene expression of Ac45RP in neuronal cells could be 
generated and developmental studies on neuronal cell differentiation and outgrowth 
could be performed. The hypothalamic-melanotrope interface might represent an 
excellent model system to study Ac45RP functioning in neuronal plasticity. This 
neuronal-neuroendocrine interface is highly plastic and the regulation of the Xenopus 
melanotrope cells is well-studied (Jenks et al., 2007) with a central role for the 
hypothalamic suprachiasmatic melanotrope inhibiting neurons (SMINs) (Ubink et al., 
1998). The Neuropeptide Y gene promoter might serve as an attractive promoter to 
target transgene expression into the SMINs. Furthermore, since in Xenopus tropicalis 
the first stable gene-specific knockdown has been recently successfully established 
(Young et al., 2011) this approach might also provide possibilities to study the role 
of Ac45RP in Xenopus neuronal development. In developing and adult mouse brain, 
in situ hybridizations and immunohistochemistry using our anti-Ac45RP-specific 
antibody will reveal the exact regions and cell types expressing Ac45RP. Next, 
manipulation of the Ac45RP expression levels in developing mouse brain might be 
considered. For this, techniques to locally over- or underexpress proteins by using in 
utero electroporation of embryonic mouse brains with expression constructs or small 
interference RNAs (recently introduced in our lab by Dr. S.M. Kolk) might be used. 
Together with subsequent studies on targeted neuronal cell migration, differentiation 
and outgrowth this might be a powerful approach to further unravel the role of 
Ac45RP. Finally, immunoprécipitation studies on cell or brain lysates in combination 
with mass-spec analysis or the application of a yeast two-hybrid screen might be 
considered to identify the interaction partners of Ac45RP.
E2) Ac45, Ac45RP and ATP6AP2 as candidate genes for human disorders
In view of the presumptive role of Ac45 in V-ATPase regulation, the Ac45 gene may 
constitute a target gene for V-ATPase-related diseases such as osteoperosis (Borthwick 
et al., 2003; Karet et al., 1999; Smith et al., 2000), connective tissue disorder type II 
cutis laxa (Kornak et al., 2008), human ocular disorder (Nuckels et al., 2009), distal 
renal tubular acidosis (often accompanied by sensorineural deafness) (Borthwick et 
al., 2003; Frattini et al., 2000; Li et al., 1999) and also endocrine diseases such as 
type II diabetis (Louagie et al., 2008). The human Ac45 gene has been localized to 
chromosomal region Xq28 (Yokoi et al., 1994), a region linked to various neurological 
and neuromuscular disorders (Davies et al., 1990). Therefore, disorders that show an 
X-linked pattern of inheritance might be associated with the Ac45 gene. In females,
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the Ac45 gene is subject to X-chromosome inactivation, although a low degree of Ac45 
expression derived from the inactivated allele has been found (Kutsche and Brown, 
2000). Since X-chromosome inactivation compensates for the different numbers of 
X-chromosomes in male and female cells, an imbalance in Ac45 expression in females 
due to a partial escape from full gene inactivation might be a cause of (developmental) 
disorders as well. Therefore, further studies on Ac45 gene inactivation and regulation 
are warranted. Furthermore, in rats Ac45 gene expression increases in aging frontal 
cortex but not in other brain regions (Hung et al., 2000). Since the frontal cortex 
is involved in various higher mental functions such as learning and memory, Hung 
et al. (2000) proposed that Ac45 may act as a compensatory factor in the aging 
brain, namely by stimulating V-ATPase activity. Our results indicating a role for the 
accessory subunit in V-ATPase regulation and regulated exocytosis indeed support 
the involvement of Ac45 in the protection of the brain against the development of 
neurodegenerative diseases.
Interestingly, the gene encoding the other accessory subunit of the V-ATPase, 
ATP6AP2/(P)RR, is also located on the X-chromosome, namely on X p ll (Demirci et 
al., 2001) and has been associated with mental retardation and epilepsy (Ramser et 
al., 2005). Since the role of ATP6AP2 in V-ATPase functioning remains elusive and 
most research has thus far been focused on its function as a (pro)renin receptor, more 
work is necessary to understand its function in neuronal and neuroendocrine cells.
In viewof our discovery thattheAc45RP protein may well function in neurite outgrowth 
and thereby in neuronal network formation, the Ac45RP gene (located on human 
chromosome 5, region 5ql4.2) may be considered as a candidate susceptibility gene 
for neurodevelopmental disorders. In a broader sense, the genomic and functional 
studies described above indicate that the genes encoding the V-ATPase accessory 
subunits Ac45, ATP6AP2 and Ac45RP may well be associated with V-ATPase-related 
(neuronal) disorders.
F. Concluding remarks
Research on the V-ATPase has focused mostly on the holoenzyme and the regulation 
thereof. For instance, the V -V reversal assembly mechanism has been studied 
extensively. Many of these studies have been performed with the yeast vacuole as a 
model system. The mammalian accessory subunits ATP6AP1/Ac45 and ATP6AP2/ 
(P)RR have no yeast orthologue. Therefore, unraveling the presumptive roles of these 
accessory subunits towards the V-ATPase had to await studies in vertebrate species 
such as Xenopus, zebrafish and mouse. Various research groups, including ours, have 
recently contributed to the understanding of the role of Ac45 in specialized cells such 
as osteoclasts, (neuro)endocrine cells and neurons. Also, the (P)RR research field 
contributed to an increased understanding of how the V-ATPase participates in local 
RAS and receptor activation by the surprising identification of ATP6AP2/ (P)RR as an 
accessory subunit of the V-ATPase.
The important roles of Ac45 and ATP6AP2 in V-ATPase functioning make these 
accessory subunits attractive candidate genes for human disorders and target genes 
for drug development. The function of the Ac45RP protein has yet to be unmasked, but 
our first studies (chapters 6 and 7) support the hypothesis that Ac45RP may act during 
neuronal development, namely in neurite outgrowth and dendritic remodeling. As
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such, malfunctioning of this protein may well cause neurodevelopmental disorders. 
Thus, in addition to the ‘common’ V-ATPase subunits genetic variations or variations 
in expression levels of the accessory subunits of the V-ATPase should be considered 
as risk factors as well. Possibly, modulation of the expression levels of the accessory 
subunits represents an attractive tool to rescue V-ATPase functioning in certain 
diseased cells. Evidently, more surprises concerning the accessory subunits of the 
V-ATPase are likely to come.
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The brain is one large central communication centre, which consists of a number of cell 
types (neurons, astrocytes, oligodendrocytes, microglia, ependymal cells). Especially 
the neuronal cells are highly specialized in receiving, converting and sending out fast 
messages, the neurotransmitters. Slower and long-distance messenger molecules 
are the (peptide) hormones that are secreted by (neuro)endocrine cells. Secretion of 
neurotransmitters and (peptide) hormones is a highly-regulated process, executed 
by the regulated secretory pathway. This pathway consists of the endoplasmic 
reticulum (ER, site of protein synthesis on ribosomes), Golgi and trans-Golgi network 
(TGN, for post-translational protein modifications and protein sorting) and regulated 
secretory vesicles (for further protein modifications and secretion), including 
neurotransmitter secretory vesicles and (peptide) hormone secretory granules. 
Indispensable for both types of regulated secretory vesicles is the generation 
of a proton gradient across the vesicular membrane, which is generated by the 
major proton pump in the cell, the vacuolar proton ATPase (V-ATPase). Regulation 
and targeting of the V-ATPase is therefore of critical importance for cell-cell 
communication. Furthermore, increasing evidence points to a second role for the 
V-ATPase, namely in the process of Ca2+-dependent membrane fusion, independent of 
its proton-pumping activity. Intriguingly, the Ca2+-dependent fusion of non-secretory 
vesicle membranes supplies new membrane to allow the process of neurite outgrowth. 
In chapter 1, the history, general molecular composition and functions of the 
V-ATPase complex were discussed. The V-ATPase consists of two major sectors, V0 
and V . V constitutes the cyoplasmic part of the complex and hydrolyses ATP. The 
energy retrieved from ATP hydrolysis is then used by the membranous V0-sector to 
translocate protons over the membrane. V -V reversible dissociation is considered 
to be a general mechanism for the regulation of the V-ATPase. In addition, accessory 
proteins are thought to play an important role in V-ATPase functioning. One candidate 
for such a regulatory role in V-ATPase functioning is the neuronal- and neuroendocrine- 
enriched accessory subunit Ac45, the protein that is central in this thesis.
The N-linked glycosylated, type I transmembrane protein Ac45 was discovered 
~15 years ago by its co-purification with the V-ATPase V0-subunit from bovine 
neuroendocrine chromaffin granules, but its function remained elusive. Our 
biosynthetic studies in neuroendocrine Xenopus melanotrope cells have shown that 
the Ac45 protein is synthesized as an ~62-kDa precursor protein (intact-Ac45) which 
is subsequently proteolytically processed in the early secretory pathway, resulting in 
an ~ 40-kDa form (cleaved-Ac45) which corresponds to the Ac45 protein isolated 
from the chromaffin granules.
The focus of the first half of this thesis was to unravel the role of Ac45 towards the 
V-ATPase in neuroendocrine cells. For this purpose, we developed a transgenic 
approach in Xenopus laevis neuroendocrine intermediate pituitary cells. These well- 
characterized cells are professional, highly regulated secretory cells of which the 
activity can be manipulated in vivo simply by changing the intensity of the background 
observed by the frog. On a black background, the frog activates its melanotrope cells 
which produce one major prohormone, proopiomelanocortin (POMC), the precursor 
of the bioactive hormone a-melanophore-stimulating hormone (a-MSH) which is 
released into the blood and evokes darkening of the skin. We found that an ~500- 
bp fragment of the POMC-gene promoter can be used for transgenic expression 
specifically in the melanotrope cells of the intermediate pituitary and not in other
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POMC-producing cells in the anterior pituitary or the brain of Xenopus laevis. This 
transgenic approach in combination with our knowledge of melanotrope cell 
functioning paved the way for functional studies on Ac45 in the regulated secretory 
pathway of neuroendocrine cells.
In chapter 2, the generation and characterization of several Ac45-transgenic Xenopus 
lines was described. We found that proteolytic cleavage of Ac45 is a prerequisite 
for its transport through the regulated secretory pathway. Transgenic expression 
of cleaved-Ac45, but not of intact-Ac45, directed endogenous V-ATPase into the 
regulated pathway. Vesicle biogenesis and Ca2+-dependent secretory efficiency were 
increased in cleaved-Ac45-transgenic cells. Furthermore, these transgenic cells 
displayed elaborate microvillar extensions of the plasma membrane, most likely as 
a consequence of elevated exocytotic secretion events. Since constitutive secretion 
was unaffected by the transgenic manipulation, Ac45 apparently functions in the 
regulated secretory pathway. We then investigated whether an excess of cleaved- 
Ac45 in the secretory pathway affected intragranular acidification and consequently 
prohormone processing. Immuno-electron microscopy (EM) experiments with the 
acidotrophic agent DAMP provided evidence that increased levels of Ac45 indeed lead 
to a decrease of the intragranular pH in the transgenic melanotrope cells (chapter 
3). Furthermore, these cells displayed a reduced sensitivity for the V-ATPase-specific 
inhibitor bafilomycin A1 and showed altered proprotein processing in the regulated 
secretory pathway, resulting in reduced levels of a-MSH secretion. On the basis of the 
results described in chapters 2 and 3, we concluded that Ac45 regulates V-ATPase- 
mediated granular acidification and Ca2+-dependent secretion in the neuroendocrine 
secretory pathway.
Next, we studied the structural domains within the Ac45 protein that are important 
for V-ATPase transport and for Ca2+-dependent secretion. In chapter 4, we described 
the generation and characterization of Xenopus lines with transgenic expression of 
a set of Ac45 mutant proteins in the intermediate pituitary melanotrope cells. From 
these studies, we concluded that the cytoplasmic tail is important for Ac45 transport 
and for its binding to the V-ATPase. Furthermore, removal of the domain harboring 
the recognition sequence for the endoprotease furin interfered with Ac45 transport 
through the secretory pathway. Cleavage of the N-terminal domain of Ac45 is thus 
important for its action towards the V-ATPase. Interestingly, we found that expression 
of Ac45 mutants which recruited endogenous V-ATPse into the regulated pathway also 
affected the dopaminergic regulation of the melanotrope cells, whereas dopaminergic 
regulation of intracellular Ca2+-oscillations (the driving force for regulated secretion) 
was unaffected. These results indicated that both amino- and carboxy terminal 
domains of Ac45 are involved in V-ATPase recruitment and consequently in Ca2+- 
dependent regulated exocytosis.
Given its important regulatory function towards the V-ATPase, we performed a 
database search for Ac45 isoforms, resulting in the identification a Xenopus cDNA 
encoding the first Ac45 isoform, denoted Ac45-like-protein (Ac45LP) (chapter 5). 
Subsequent phylogenetic analysis revealed a lineage-dependent evolutionary history: 
Ac45 is absent in birds and Ac45LP is absent in placental mammals, whereas in all 
other tetrapod species both genes were identified. We found that, in contrast to Ac45, 
Xenopus Ac45LP was not proteolytically processed. In developing Xenopus, Ac45LP 
mRNA was expressed mostly in neural tissues and in neural crest cells, whereas in the
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adult animal its expression was found to be restricted to lung and kidney. From these 
studies we concluded that Ac45LP may provide additional possibilities for V-ATPase 
regulation in early neural development, and in kidney and lung cells. Additional 
studies on transgenic Xenopus melanotrope cells pointed to a non-redundancy 
between the two Ac45 isoforms.
Further database searches led to the discovery of a third Ac45 family member, namely 
a brain-specific Ac45 paralog termed Ac45-related protein (Ac45RP; chapter 6). 
Ac45RP was found to be evolutionarily conserved and present in all vertebrate but 
not invertebrate species analyzed. Ac45RP displays regional amino-acid sequence 
similarity with Ac45 with the highest degree of identity in the transmembrane 
region. Ac45RP mRNA expression was relatively high in the olfactory bulb of the adult 
mouse brain. In developing mouse embryos, Ac45RP mRNA expression started at 
about embryonic day (ED) 13.5 and dramatically increased postnatally. These results 
suggested that Ac45RP is involved in the development of both embryonic and adult 
new-born neurons.
To further investigate the role of Ac45RP, we developed an anti-Ac45RP antibody 
(chapter 7). In both mouse neuroblastoma N2a cells and rat embryonic primary 
cortical neurons, Ac45RP was found in vesicular structures located in the Golgi-region 
and in the tips of extending neurites of the developing neuronal cells. The protein 
did not colocalize with markers for classic synaptic vesicles, such as SV2 and VAMP2, 
but its localization resembled that of non-secretory TI-VAMP- and VAMP4-positive 
vesicles. Intriguingly, overexpression of Ac45RP in N2a cells resulted in increased 
neuronal outgrowth and network formation. These data suggested a role of Ac45RP 
in Ca2+-dependent membrane fusion of non-secretory vesicles during the process of 
neurite outgrowth.
In chapter 8, the results obtained in this research were put into broader perspective 
and models for the roles of Ac45 and Ac45RP were presented. Furthermore, the 
involvement of the V-ATPase and its accessory subunits in human disorders was 
discussed.
Overall, the results described in this thesis have led to a better understanding of 
the important regulatory role for the V-ATPase accessory subunit Ac45 and as such 
provided new insights into V-ATPase functioning. The discovery of the Ac45 RP protein 
for the first time points to an unexpected role for the V-ATPase in neural outgrowth. 
Further research is necessary to unravel the exact mechanism how Ac45RP/V-ATPase 
drives this neuronal process that is crucial for proper brain development.
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Samenvatting
Het brein is een groot communicatiecentrum dat bestaat uit verschillende celtypen 
(neuronen, astrocyten, oligodendrocyten, microglia, ependymale cellen). Vooral 
de neuronale cellen zijn sterk gespecialiseerd in het ontvangen, omzetten en 
uitzenden van snelle boodschappermoleculen, de neurotransmitters. Langzamere 
en meer lange-afstand boodschappermoleculen zijn de (peptide)hormonen 
welke worden afgescheiden door (neuro-) endocriene cellen. De afgifte van zowel 
neurotransmitters als (peptide)hormonen is een sterk gereguleerd proces dat wordt 
verzorgd door de gereguleerde secretieroute. Deze uitscheidingsroute bestaat uit 
het endoplasmatisch reticulum (ER, de plaats waar eiwitsynthese aan de ribosomen 
plaatsvindt), het Golgi en trans-Golgi netwerk (TGN, voor post-translationele 
eiwitmodificaties en eiwitsortering) en gereguleerde secretieblaasjes (voor verdere 
eiwitmodificaties en uitscheiding), inclusief neurotransmitter-blaasjes en (peptide) 
hormoon-secretiegranula. Onmisbaar voor het goed functioneren van beide typen 
gereguleerde secretieblaasjes is de aanwezigheid van een protongradiënt over het 
membraan van de blaasjes. Deze gradiënt wordt geproduceerd door de belangrijkste 
protonpomp in de cel, de vacuolaire proton ATPase (V-ATPase). Het reguleren en 
sturen van de V-ATPase zijn daarom van essentieel belang voor cel-cel communicatie. 
Verder zijn er meer en meer aanwijzingen voor een tweede functie van de V-ATPase, 
namelijk bij het proces van de Ca2+-afhankelijke samensmelting van membranen, 
een rol die onafhankelijk is van de functie als protonpomp. Het is intrigerend dat de 
Ca2+-afhankelijke membraanfusie van bepaalde blaasjes, die niet zijn bedoeld voor 
hormoonuitscheiding, membraanmateriaal oplevert dat wordt gebruikt om het proces 
van neuronale uitgroei te laten plaatsvinden. In hoofdstuk 1 werden de algemene 
moleculaire opbouw en functies van het V-ATPase complex beschreven. Het V-ATPase 
bestaat uit twee hoofdstructuren: de V0 en de V . V vormt het cytoplasmatische deel 
van het complex en hydrolyseert ATP. De energie die vrijkomt door de ATP hydrolyse 
wordt vervolgens gebruikt door de membraangebonden V0-sector om protonen over 
het membraan te transporteren. Het uiteenvallen en weer samenkomen van V0 en 
V wordt beschouwd als een algemeen-voorkomend mechanisme voor de regulatie 
van de V-ATPase . Verder wordt gedacht dat zogenaamde accessoire subunits een 
belangrijke rol spelen bij het goed laten functioneren van de V-ATPase. Een van de 
kandidaat-eiwitten voor zo’n regulerende rol is de neuronaal- en neuro-endocrien- 
verrijkte accessoire subunit Ac45, het eiwit dat centraal staat in dit proefschrift. 
Het sterk-geglycosileerde, type I transmembraaneiwit Ac45 werd ongeveer 15 jaar 
geleden ontdekt toen het samen met de V0-sector van de V-ATPase werd opgezuiverd 
uit neuro-endocriene runder chromafinegranula, maar de functie van het eiwit bleef 
onbekend. Onze biosynthetische studies in de neuro-endocriene melanotrope cellen 
van de hypofyse van de klauwkikker Xenopus laevis hebben aangetoond dat het Ac45- 
eiwit wordt aangemaakt als een ~62-kDa voorlopereiwit (intact Ac45). Het intacte 
Ac45 wordt vervolgens in de vroege secretieroute geknipt, resulterend in een ~40- 
kDa vorm (gekliefd Ac45) die overeenkomt met de Ac45-vorm die was geïsoleerd uit 
de chromafinegranula.
De studies beschreven in de eerste helft van dit proefschrift waren erop gericht 
om in neuro-endocriene cellen de mogelijke betrokkenheid van Ac45 bij het goed 
laten functioneren van de V-ATPase op te helderen. Hiervoor werd een transgene 
benadering in de melanotrope cellen van Xenopus laevis ontwikkeld. Deze goed- 
gekarakteriseerde cellen zijn strikt-gereguleerde secreterende cellen waarvan de
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activiteit in vivo eenvoudig kan worden gemanipuleerd door veranderingen in de 
kleur van de ondergrond waarop de kikker verblijft. Op een zwarte ondergrond 
activeert de kikker zijn melanotrope cellen die hoofdzakelijk één prohormoon 
produceren, het pro-opiomelanocortine (POMC). POMC is de voorloper van het bio- 
active a-melanoforen-stimulerende hormoon (a-MSH) dat wordt uitgescheiden in 
de bloedbaan en vervolgens de pigmentkorrels in de huid verspreid waardoor het 
dier zwart wordt. We hebben gevonden dat een ~500-bp fragment van de POMC 
genpromoter kan worden gebruikt om uitsluitend transgene expressie te verkrijgen 
in de melanotrope cellen en niet in andere POMC-producerende cellen van de 
hypofysevoorkwab of in het brein van Xenopus laevis. Deze transgene benadering 
in combinatie met onze kennis van het functioneren van de melanotrope cel gaf 
ons de gelegenheid om functionele studies uit te voeren aan het Ac45-eiwit in de 
gereguleerde secretieroute van neuro-endocriene cellen.
In hoofdstuk 2 werd het genereren en karakteriseren van verscheidene Xenopus 
lijnen met melanotrope cel-specifieke transgenexpressie van Ac45 beschreven. We 
vonden dat een enzymatische klieving van Ac45 een voorwaarde is om het eiwit te 
transporteren door de gereguleerde secretieroute. Transgene expressie van gekliefd- 
Ac45, maar niet van intact-Ac45, zorgde ervoor dat het endogene V-ATPase naar 
de gereguleerde route werd gebracht. In de gekliefd-Ac45-transgene melanotrope 
cellen waren de aanmaak van secretieblaasjes en de efficiëntie van Ca2+-afhankelijke 
secretie verhoogd. Verder vertoonden deze transgene cellen uitgebreide, microvillaire 
uitstulpingen van de plasmamembraan wat mogelijk het gevolg was van de verhoogde 
secretie-activiteit. Aangezien door de transgene manipulatie de contitutieve secretie 
onaangetast bleef, speelt Ac45 klaarblijkelijk een rol in de gereguleerde secretieroute. 
Vervolgens hebben we onderzocht of een overmaat aan gekliefd-Ac45 in de 
secretieroute een effect had op de verzuring van de secretieblaasjes en dientengevolge 
op prohormoonklieving. Immuno-electronen microscopie (EM) experimenten 
met DAMP (een stofje dat in zure compartimenten ophoopt) toonden aan dat een 
verhoogde hoeveelheid van het Ac45-eiwit inderdaad leidt tot een verlaging van de 
pH in de blaasjes van de transgene melanotrope cellen (hoofdstuk 3). Bovendien 
vertoonden deze cellen een verminderde gevoeligheid voor de V-ATPase-specifieke 
remmer Bafilomycine A l en een aangetaste pro-eiwit verwerking in de gereguleerde 
secretieroute, hetgeen resulteerde in een verlaagde a-MSH secretie. Op basis van 
de resultaten beschreven in de hoofdstukken 2 en 3 konden we concluderen dat in 
de neuro-endocriene secretieroute het Ac45-eiwit de door de V-ATPase-gestuurde 
processen van granulaire verzuring en Ca2+-afhankelijke secretie reguleert.
In hoofdstuk 4 hebben we de structurele domeinen in het Ac45 eiwit bestudeerd 
welke belangrijk zijn voor V-ATPase-transport en Ca2+-afhankelijke secretie. Daartoe 
hebben we Xenopus lijnen met transgene expressie van een aantal mutant-Ac45 
eiwitten in de melanotrope cellen gemaakt en gekarakteriseerd. Uit deze studies 
concludeerden we dat de cytoplasmatische staart belangrijk is voor Ac45-transport en 
voor de binding aan de V-ATPase. Verder bleek dat het verwijderen van het deel welke 
de herkenningssequentie voor het knipenzym furine bevat, leidde tot een veranderd 
Ac45-transport door de secretieroute. Afsplitsing van het N-terminale domein van 
Ac45 is dus belangrijk voor haar functie ten opzichte van de V-ATPase. Van belang 
is dat wanneer de expressie van Ac45-mutanten leidde tot het rekruteren van het 
endogene V-ATPase, ook de dopaminerge regulatie van de melanotrope cellen werd
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beïnvloed, terwijl de dopaminerge regulatie van de intracellulaire Ca2+- oscillaties 
(de drijvende kracht voor gereguleerde secretie) onaangetast bleef. Deze resultaten 
gaven aan dat zowel N-terminale als C-terminale domeinen van Ac45 zijn betrokken 
bij V-ATPase rekrutering en daardoor bij Ca2+-afhankelijke gereguleerde secretie. 
Gezien haar belangrijke regulerende functie met betrekking tot de V-ATPase, hebben 
we met behulp van computerdata een zoektocht uitgevoerd naar isovormen van 
Ac45. Deze zoektocht leidde tot de identificatie van een Xenopus cDNA coderend voor 
de eerste Ac45 isovorm, die we hebben aangeduid met Ac45-like proteïne (Ac45LP] 
(hoofdstuk 5). De daaropvolgende evolutionaire analyse toonde aan dat Ac45 
afwezig is in vogels en Ac45LP afwezig is in placenta-bevattende zoogdieren, terwijl 
in alle andere tetrapode soorten beide genen werden gevonden. In tegenstelling tot 
Ac45, bleek het Xenopus Ac45 LP niet proteolisch gekliefd te worden. In ontwikkelende 
Xenopus kwam het Ac45LP mRNA vooral tot expressie in neurale weefsels en in 
neurale crestcellen, terwijl in het volwassen dier de expressie beperkt bleef tot long 
en nier. Uit deze studies hebben we geconcludeerd dat Ac45LP mogelijk voorziet in 
meer mogelijkheden voor de regulatie van de V-ATPase tijdens de vroege neuronale 
ontwikkeling en in nier- en longcellen. Verdere studies in transgene Xenopus 
melanotrope cellen gaven aan dat de twee vormen van Ac45 verschillende functies 
hebben en eikaars taak niet kunnen overnemen.
Verder onderzoek aan de hand van computerdata leidde tot de ontdekking van een 
derde Ac45 familielid, namelijk een brein-specifieke Ac45 paraloog, die we Ac45- 
related proteïne (Ac45RP; hoofdstuk 6) hebben genoemd. Ac45RP bleek evolutionair 
geconserveerd te zijn en aanwezig in alle vertebraten en niet in evertebraten. Ac45RP 
vertoont in specifieke delen van het molekuul een aminozuurgelijkenis met Ac45, met 
de hoogste mate van identiteit in de transmembraanregio. Ac45RP expressie bleek 
relatief hoogin de bulbus olfactorius van het volwassen muizenbrein. In ontwikkelende 
muizenembryo’s begon de expressie van Ac45RP mRNA rond embryonale dag 
(EDJ13.5 en nam sterk toe na de geboorte. Deze resultaten suggereerden dat Ac45RP 
betrokken is bij de ontwikkeling van zowel embryonale neuronen als nieuw-geboren 
neuronen in het volwassen brein.
Om de rol van het Ac45RP verder te onderzoeken, hebben we een anti-Ac45RP 
antilichaam (hoofdstuk 7) ontwikkeld. Zowel in muizen neuroblastoma N2a cellen 
als in embryonale primaire corticale neuronen van de rat werd het Ac45RP gevonden 
in blaasjesachtige structuren die gelocaliseerd waren in de Golgi-regio en in de 
uiteinden van uitgroeiende neuriten van ontwikkelende neuronale cellen. Het eiwit 
co-localiseerde niet met markers voor de klassieke synaptische blaasjes, zoals SV2 en 
VAMP2, maar de localisatie vertoonde gelijkenis met die van niet-uitscheidende TI- 
VAMP en VAMP4-positieve blaasjes. Intrigerend is dat de overexpressie van Ac45RP 
in N2a cellen resulteerde in een toename van neurale uitgroei en netwerkformatie. 
Deze data suggereerden een rol voor Ac45RP in Ca2+-afhankelijke membraanfusie van 
niet-uitscheidende blaasjes tijdens het proces van neuronale uitgroei.
In hoofdstuk 8 werden de resultaten van het onderzoek dat beschreven staat in dit 
proefschrift in een breder perspectief geplaatst en werden modellen voor de functies 
van Ac45 en Ac45RP gepresenteerd. Verder werd de betrokkenheid van de V-ATPase 
en haar accessoire subunits bij humane aandoeningen bediscussieerd.
Concluderend kan worden gesteld dat onze resultaten hebben geleid tot een beter 
begrip van de belangrijke regulerende rol van de accessoire V-ATPase subunit Ac45
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en daardoor tot nieuwe inzichten in het functioneren van de V-ATPase. De ontdekking 
van het Ac45RP eiwit en van haar rol duidt op een onverwachte functie voor de 
V-ATPase in neuronale uitgroei. Verder onderzoek is nodig voor de ontrafeling van 
het preciese mechanisme hoe Ac45RP/V-ATPase dit voor breinontwikkeling zo 
belangrijke proces reguleert.
_______________________________________________________ Samenvatting
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Een project zoals beschreven in dit proefschrift is niet mogelijk zonder de steun en 
hulp van heel veel mensen. Ik heb de afgelopen jaren mezelf kunnen ontplooien mede 
door de inzet van vele mensen die ik hierbij wil bedanken.
Ten eerste mijn promotor Gérard Martens. Onze samenwerking gaat al terug tot 1993 
en dat alleen al geeft aan dat wij een goede en vruchtbare werkrelatie hebben. Gérard, 
je hebt me altijd de ruimte gegeven om zelfstandig onderzoek te verrichten en ik ben 
je daar ontzettend dankbaar voor. Het feit datje me steunde in mijn ambitie om een 
promotieonderzoek te starten betekende heel veel voor mij. Dank je wel voor al je inzet 
en datje m’n promotor wilde zijn. Ik hoop dat we onze succesvolle samenwerking nog 
vele jaren kunnen doorzetten.
Nick, beste Nick. Je kwam in 2001 als stagair HLO bij mij en we hadden meteen een 
goede klik. Na het dramatische overlijden van Karei Janssen heb ik me persoonlijk 
ingezet om jou aan onze afdeling te binden. Daar hebben we met z’n allen van 
geprofiteerd. Je bent een centraal persoon binnen onze groep en altijd bereid te 
helpen. Ik was zeer verheugd toen je weer op mijn project kon komen werken. Je 
hebt zeer veel werk verricht aan de database searches waarbij we Ac45LP en Ac45RP 
hebben gevonden, veel Xenopus transgenese experimenten uitgevoerd en 1001 
kloneringen gedaan waarvan er maar een fractie dit proefschrift haalden. Ook jouw 
constante computerondersteuning is onbetaalbaar. Ik dank je voor je tomeloze inzet 
in de afgelopen jaren en hoop dat ik in de toekomst met je kan blijven werken! Ik dank 
je voor je bijdrage aan de omslag van dit proefschrift, ik dank je voor je vriendschap. 
Ik beschouw je als een vriend en vandaar datje mijn paranimf bent.
François van Herp, dank je wel voor alle mooie discussies omtrent ontwikkelings 
biologische vraagstukken en je aanstekelijke enthousiasme! Ontzettend bedankt voor 
vele mooie jaren en geniet van de welverdiende vrije tijd!
Karei Janssen (f), je overleed op veel te jonge leeftijd toen ik juist een halfjaartje aan 
het promotieproject werkte. Het was een ontzettende schok voor ons als groep, ik mis 
je nog steeds. Dank je wel voor je collegialiteit tijdens mijn analistenperiode en voor 
de eerste 2D experimenten.
Sharon Kolk, we kennen elkaar al lang en ik vind het top dat je onze groep bent 
komen versterken. Ik hoop dat ook wij mooie samenwerkingsprojecten kunnen gaan 
opzetten, we hebben in ieder geval een gezamelijke interesse in de ontwikkeling van 
het brein!
Karen van Loo, mijn tweede paranimf. Je was niet direct betrokken bij mijn project 
maar we hebben wel een soort wederzijdse interesse in eikaars onderzoek ontwikkeld, 
die je alleen krijgt met je allerbeste collega’s. In de periode dat je bij ons op het lab 
was hebben we mooie en moeilijke tijden meegemaakt. We hebben ons niet van de 
wijs laten brengen en kunnen er nu met een glimlach op terugkijken. Dank voor je 
vriendschap en steun en dat je mijn paranimf wilt zijn. Ik wens je een goede toekomst 
in Bonn!
Martine van Zweeden, we hebben juist afscheid genomen maar ik hoop je nog vaak te 
spreken. Gelukkig mocht ook ik af en toe van je 'gouden handen’ gebruik maken! Dank 
je wel voor je collegialiteit en veel succes bij Antropogenetica!
Theo Hafmans, dankjewel voor je prachtige (immuno-j EM werk. Jouw bijdrage aan dit 
project is van grote waarde geweest, getuige je co-auteurschap op drie hoofdstukken. 
Je bent een vakman. Ik wil je ook heel hartelijk bedanken voor je coaching tijdens het 
afronden van de opmaak van dit boekje. Ik hoop dat het ons gegund wordt nog vele
186
Dankwoord
mooie experimenten samen op te zetten!
Ron Engels, ik wil je bedanken voor vele jaren van goede dierverzorging. Dat is heus 
de basis van ons onderzoek!
In de afgelopen jaren heb ik met nog heel veel mensen heel prettig samengewerkt, 
binnen en buiten het Moldier lab. Mijn directe huidige collega’s op de werkvloer die 
ik nog niet heb genoemd: Astrid, Ivi, Ruben, Marieke, Franciska, Vivian, Annetrude, 
Willem, Armaz, Sjef, Nikkie, Aron, Judith, en zeer recentelijk Koen. Een goede 
wetenschappelijke werksfeer is onontbeerlijk voor gedegen onderzoek en met z’n 
allen maken we die! Maar natuurlijk was er die in het verleden ook! Ik wil bedanken 
Gerrit, Rick, Ron, Rob, Jos, Dorien, Jeroen, Michel, Jessica en Luuk voor ieders goede 
bijdrage daaraan! Het voert te ver om verder terug te gaan dan de periode van mijn
promotieproject...... ik zou nog zo veel mensen willen toevoegen!!
Tijdens mijn promotieproject heb ikveel studenten mogen begeleiden: Sander, Emmy, 
Elske, Vera, Anne Sinke, Marline, Annemarie, Benigna, Tim, Anne Berlo, Ewa, Nikkie 
en Juliet. Dank jullie wel voor jullie inzet en ik wens jullie allen heel veel succes voor 
de toekomst!
De buren van Celbiologie wil ik allemaal heel hartelijk bedanken! De unieke sociale 
werksfeer op de 6e verdieping NCMLS is een voorbeeld van hoe goed je het kan maken 
met z’n allen! Dank jullie wel en ik hoop dat we nog een hele poos bij elkaar mogen
vertoeven.....en.... Suus, die kerstboom komt er dit jaar toch ook weer?!
Van de afdeling Cellulaire Dierfysiologie wil ik Peter Cruijsen, Tony Coenen, 
Tom Spanings en Debbie Tilburg hartelijk bedanken voor vele jaren van hulp en 
vriendschap. Een speciale dank-je -wel gaat naar Wim Scheenen. Wim, we hebben 
elkaar eigenlijk pas leren kennen toen we fluorescente melanotropen bij wijze van 
test gingen imagen op de TIRF opstelling (Gerrit!). Daarna hebben we heel mooie 
uren gehad tijdens het patchen en de Ca2+ -imaging van de transgene cellen. Dank je 
wel voor de vruchtbare samenwerking en hopelijk kunnen we meer mooie dingen 
samen gaan doen!
Ik wil mijn NCMLS mentor Prof. René Bindels hartelijk bedanken voor de motiverende 
mentorgesprekken.
Tijdens mijn promotieproject ben ik twee maal met emmers kikkers afgereisd naar 
de Universiteitvan Osnabrück Thankyouvery much, Prof. HelmutWieczorekand Dr. 
Markus Huss for having me around. It was a great pleasure!
Niets kan tot een succes worden zonder een stevige basis. Mijn ouders hebben mij die 
basis gegeven. Dankzij hen ben ik geworden zoals ik geworden ben. Papa en mama, 
ik wil jullie uit het diepste van mijn hart bedanken voor de mogelijkheden die jullie 
mij gegeven hebben. Altijd zijn jullie enthousiast en betrokken. Ik houd van jullie. 
Mijn schoonouders Harrie en Annie, ook jullie heel erg bedankt voor veel steun en 
enthousiasme!
De allermeeste dank-je-welletjes gaan naar mijn eigen gezin. Sylvia, Marlieke, Eveline 
en Valerie. Dankzij jullie heb ik altijd een goed thuiskomen, wat er ook gebeurd op dat 
lab. Ik weet dat ik er niet altijd helemaal bij was, zeker in de laatste periode, waarin 
het zo druk was. Dank jullie wel voor alle support en liefde. Lieve Sylvia, ik ken je al zo 
lang en onze liefde is de basis van ons succes. Ik houd van je.
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